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A METHOD FOR DETERMINING THE CHARACTERISTIC FUNCTIONS
ASSOCIATED WITH THE AEROELASTIC INSTABILITIES

OF HELICOPTER ROTORS IN FORWARD FLIGHT

By Vincent J. Piarulli and Richard P. White, Jr.
ROCHESTER APPLIED SCIENCE ASSOCIATES, INC.

SUMMARY

A method has been developed for determining the characteristic
functions (modal content) of aeroelastic instabilities experienced
by helicopter rotors in forward flight. The method assumes a know-
ledge of the characteristic values which characterize the frequency
and growth rate of an unstable mode of a helicopter rotor in a given
flight condition. Characteristic values may be found from the pre-
viously developed program (Reference 1) which is capable of analyzing
a coupled set of linear, second-order differential equations with
periodically varying coefficients.

The necessary formulation was programmed for the case of a
system with three degrees of freedom. Calculations were carried
out for comparison with available experimental data.

INTRODUCTION

An analysis of the aeroelastic stability of a helicopter rotor
in forward flight was carried out in Reference 1. In that study a
computer program was developed which is capable of determining the
characteristic values of a given set of coupled, linear, second-
order differential equations with periodically varying coefficients.

Stability properties determined by that program consist solely
of the real and imaginary parts of the system characteristic wvalues.
A knowledge of these quantities alone is akin to knowing the natural
frequencies. and rates of exponential growth or decay associated with
each of the natural modes without knowing the actual modal content.

The study described herein was directed at developing the charac-
teristic functions (modal content) associated with the stability of a
helicopter rotor in forward flight. Characteristic functions clearly
give an indication as to the degrees of freedom excited in a particu-
lar unstable mode. More importantly, however, a close inspection
of the characteristic functions should yield insight towards the
redesign required to eliminate an instability.



The method developed here relies heavily on the basic formula-
tion and computer program previously developed in Reference 1.
Therefore, the reader is referred to Reference 1 for a more com-
plete description of the fundamentals of the general approach and
to Appendix A of the present report for a corrected listing of
that computer program. '
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SYMBOLS

dimensionless, periodically varying coefficients
occurring in the basic set of differential equa-
tions

matrix form of periodically varying coefficients

a and b
mn mn

arrays of Fourier coefficients required to repre-
sent the matrices [a] and [b] in complex Fourier
series

complex arrays related to the quantities [A](k)
and [B](k) through Egs. (14).

number of degrees of freedom of the elasto-
mechanical system

number of Fourier components retained in Fourier
representation of characteristic functions

columns of Fourier coefficients of the charac-
teristic functions

columns related to {p}(k) through the change in
index defined by Eqg. (13)

rotor radius, m

magnitude of free-stream velocity (aircraft
forward speed), m/s

array formed by computer program in order to
solve for characteristic functions

large column containing all of the {p}(k)

nondimensional quantity corresponding to time



; displacement of the hEE coupled mode of free
vibration of the elasto-mechanical system

{z} column form of Zn

by system characteristic value

-AR real part of A

AI imaginary part gflk

o advance radio; 5% nondimensional

¢m(z) characteristic function corresponding to mEE
generalized coordinate

{9} (2) column representation of ¢m(z)

Q rotor rotational speed, rad/s

natural frequency of the kEh coupled mode of free
vibration of the rotating system, rad/s

(>8]
o

DEVELOPMENT OF THE EQUATIONS FOR DETERMINING
CHARACTERISTIC FUNCTIONS

The perturbation equations of motion of a rotor blade in for-
ward flight were shown in Reference (1) to be expressible in the
following form.

azg N dz
+ ) a . +b | =0 (m=1,2,...N) (1)
dz? n=1 dz

where: 2z is a dimensionless indicator of time defined by
z = Qt/2

the Cn's are the N generalized coordinates defining the

motions of the dynamic system

the amn's and bmn's are periodic functions of z such that

amn(z + 7) amn(z)

bmn(z + ) = bmn(z)



The theory of Floquet (Reference 2) can be used to show that
a solution to Egs. (1) must be of the form

cm(z) = .ex'z ¢m(z) (2)

where )\ is a complex constant and ¢_(z) is periodic with a period
7. The differential system, Eqg. (1), is of order 2N, so there are
2N linearly independent solutions. Hence, there are 2N values of
A and 2N associated sets of N functions S’ defining solutions to

Egs. (1).

The stability of the system is determined by the 2N values of
the complex constant A. If any one of these has a positive real
part then the motion following an initial disturbance diverges with
increasing time and the system is unstable. If the real part of
A 1s negative, the system is said to be stable.

In Reference 1, a method was developed whereby, for a given
system, all the characteristic values for A may be calculated. A
computer program was developed to implement the method of Reference
1 for the case of three degrees of freedom (N=3).

The specific objectives of the study described herein were to
develop the means for determining, for a given A, the relative con-
tribution of each generalized coordinate T to the motion. Thus

for each characteristic value of A it is required to calculate the
corresponding characteristic function ¢m(z) which appears in

Eg. (2).

In formulating the scheme for obtaining characteristic func-
tions it has been found that the use of matrix algebra simplifies
the representation of the equations. Therefore, Egs.(l) and (2) are
rewritten below in matrix form.

The matrix equation counterpart of Egs.(l) and (2) are given
by

d2 d _
{g} + [a] — {t} + [b] {c} = (0} (3)
dz? dz

where:

fal (2)
[bl (2)

[a]l] (z + =)

[bl (z + =)
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and AZ

{z} = {¢}(2) e (4)
[al] and [b] are N by N square matrices and {z} is a column of N
elements. '

Since [a] and [b] are periodic they may be expressed in a
Fourier series as follows:

oo

k==

[al

o0

bl = } [B]
k=—c

(k) e2ikz (6)

Since {¢}(z) is also periodic with period = it may also be repre-
sented by a complex Fourier series. Thus,

(k) e2ikz

{(o3(z) = ] {p} (7)
k=

Substituting Eqg. (7) into Eqg. (4) yields:

2ikz+rz
e

cy= 3§ {pr® (8)
k=

- 0o

Upon differentiating the above expression for {z}, substituting into
Eq. (3), and then grouping and setting equal to zero the coefficients
of like powersof e?lz, the following equation is obtained.

o+ 2im2p1™ 4+ T [@in - 2ik + D @I 4 BI®)
k==

(n=k)= (0}

(9)



Since Eg. (9) is valid for all positive and negative integer values
of n, an infinite number of homogeneous matrix equations are theo-
retically available to arrive at the relative values for:

{p}(o) ’ {p}(il) ’ {p}(iz) .. {p}(’ )

In practice it is necessary to
equations.

0,+1,2£2,+3

P is some finite number such
that Nf

noted, however,
which are solved for in the Fourier

where N
is equal to

+oo

deal with a finite number of

Therefore Eg. (9) is written for values of

It should be

the number of Fourier components

as five or ten.

representation of {¢}(=z).

Therefore Nf would probably be no greater than half the number of
Fourier components calcgulated for the arrays of periodically vary-
ing functions [a] and [b] which occur in Egs. (3), (5), and (6).
Since a homogeneous set of (Nfo) equations is being dealt
the

elements in {p}(O) would be non-zero. Therefore, one of these ele-
ments may be arbitrarily set equal to 1.

with, one of the unknowns is arbitrary. Generally speaking,

Unfortunately, while Eqg. (9) is a valid and concise equation
governing the relative contributions of the generalized coordinates
to the total motion of the system, a problem does arise in program-
ming this equation. The zero and negative values of n and k occurring
in Eq.(9) cause difficulty when programming in Fortran. This diffi-
culty also had to be overcome in Reference 1. Since the program
being described in this report must be compatible with that developed
in Reference 1, some further manipulations of Eq. (9) are required
in order to arrive at equations suitable for programming in Fortran,

Firstly, Eq. (9) may be rewritten as follows where now the govern-
ing equation consists only of a finite number of terms.

N

[(A + 2in)2[I] + (0 + 2in) (a1 %) + 18] {9 py ™

Nf+n
+ )} [(r» + 2in - 2ix) (a1 &) 4 [B](k)]{p}(n—k) 4 (10)
k=1
Nf—n
+ T 10+ 2in + 2ik) 121 T8 4 e () py BRI (o
k=
1 n=0,+1,%2, ...iNf



Now, since the periodically varying functions [a]l] and [b] occurring
in Eq.(3) are real matrices (Reference 1) it can be shown from

Egs. (5) and (6) that:

] (—k) -

and [B] ("k) = [B] (k)

[A
(11)

where the bar indicates a complex conjugate.

The difficulty of having n assume zero and negative integer
values is removed by letting

n=m - Nf -1 (12)
and defining (2N + 1) vectors (each containing N elements) as
follows:

tar (2} = (p3 (TNgt)

tqy We) = (py 71D L or (p3 (™ = gy ® (13)
(qy WNett) o gpy (0
tqr PNt oy g J



Finally, after making the definitions:

a1t = a9 81 ) = 1 (0
(A1 2) = (a1 8120 = ;1 1) L (14
Ay (2Ngt1) [A](sz) [B](sz+1) = ] (2Ng) |

and then utilizing Egs. (11), (12), (13), and (14) in Eq. (10), the
following equation results.

m-1
I [Oe2i (k=Ng-1)) [A] 8Py gy (MmktL)y gy (o)
k=1

+ [(>\+2i(m—Nf-l))2[I] + (>\+2i(m-Nf—l))[A](1) + [B](l)]{q}(m)

2Nf+1

] TOw2ikeng-1)) (A7 TN gy (R g 0y (0 gy
k=m+1

m=1,2,3,...2Nf+l
(15)

The quantities [A](J) and [B](J) correspond exactly to variables
which are defined and may be computed in the computer program
developed in Reference 1.

Eg. (15) may be written as one single set of homogeneous equa-
tions as follows:



R | | . Yo (1)
(nn Mt ) [P ] [0

2,2Nf+1 J
x L = {0} (16)

R R R {-}(2Nf+1)
[ 2Nf+1,1][ 2Nf+1,2] LRI [ 2Nf+1,2Nf+1] d

fame — \ J .

where:

I:Rm,kJ = (>\+2i(k—Nf—1))[A](m—k+1) + [B](m_k+l):]k<m

j (1) (1)
= (x+2i(m—Nf—1))2[I] +'(A+2i(m—Nf—1))[A] + [B] k=m

- (x+2i(k—Nf—1))[A](k“m+” + [B]"(k'm“)]km

(17)
Using the simplest possible shorthand notation, Eg. (16) may be
expressed by:
[T1{x} = {0} (18)
where: ( {q}(l) \
{ }(2)
{x} = ¢ ? ¢ is a column of N(2N +1)
: elements
2N _+1
{q}( N )J

and [T] is the large N(2Nf+1) by N(2Nf+1) array constructed from

[Rm k] submatrices.

14



Given a characteristic value A, the [A]l's and [B]'s, and the
number Ne of Fourier components desired in the representation of

the characteristic function, it should now be clear how the matrix
[T] is constructed. 1In order to solve for the characteristic func-
tions, it is necessary to fix one of the elements of {x} and then
solve for the remaining elements.

Consider for example, the case of a three degree of freedom
system for which N=3. If the characteristic functions are normal-
ized with respect to the zeroth order Fourier component of the
second generalized coordinate, then referring to Eg. (8) the second

of the three elements in {p}(o) is to be set equal to 1.

According to Eq. (13),

(0) (Nf+1) . (19)

{p} = {q}

Thus, if the Nf is say 5, then the second element in {q}(G), or

equivalently the 1722 element in the vector {x} is to be set equal
to 1.

In the most general case consider the matrix equation (18) to

be
I f ()
- X1
[ i J €1 [ T J X2
r col [ r 7 )
[ ! ][ O] L 2 _IJXNNf+I L = o 4 (20)
[TE}J Cy [qu E
X
i \ N(2Nf+1)J ‘
where: (NNf+I) indicates the element which is to be equal to 1
in the {x} column,
th
I indicates a normalization with respect to the I—
generalized coordinate,
cy is the element in the (NNf+I)EE~row and column of the

[T] array.

10



It can then be ea51ly shown that the matrix equatlon required to
solve for the remaining x's is given by

( \( 3 .
C L .
- - T xNNf+I—1 -
1« r= =< (21)
9 - - NN_+I+1
{}Ta Ty . Cy
- - - x.( N_+1) -
{ JUTN TE 7 { J

Note that Eqg. (21) differs from Eg. (20) in that the row and column of

[T] which contain the element TNN +1,NN_+1T have been removed and

a right-hand side of the equation has bgen formed from the negative
of the removed column minus that element. Eqg.(21l) may be solved in
a straightforward manner for the x's or equivalently by the charac-
teristic functions

) (k)

{p where: k = 0,+1,+2...zN

£ -

DESCRIPTION OF COMPUTER PROGRAM

The computer program developed for this study was coded directly
from the formulation described above. Since this program was intend-
ed to be used in conjunction with the program developed in Reference
1, the number of degrees of freedom treated in this study was re-
stricted to three (N=3) as in the characteristic value program.

The main inputs to this program are: the characteristic value
(A); the number of Fourier coefficients desired (Nf); and the Fourier

components of the periodically varying coefficients in the original
equations of motion ([A]l's and [B]'s). The latter quantities are
computed in a special subroutine which was also used in the charac-
teristic value program of Reference 1. The A's, of course, are the
characteristic values which are the output of the Reference 1 pro-
gram. The quantity Nf is arbitrary except for the practical con-

siderations that it is limited by the number of Fouriexr components
(the [A]l's and [B]'s available) and the computer storage capacity.

11



Also provided as an input quantity is an index which indicates how
the characteristic functions are to be normalized.

The input quantities are manipulated by programming logic that
closely follows the formulation described in the previous section
of this report in order to construct the large [T] array (Eg.20).
The operations of removing the appropriate row and column are per-
formed and the resulting set of linear algebraic equations are solved
for the characteristic functions. '

The functions are printed out with appropriate comments for
identification purposes.

A flow diagram paralleling the above description and the pre-
viously described formulation is provided in Figure 1, and a listing
of the associated computer program is given in Appendix B.

Fourier components of periodically

. . s S
varying coefficients ([A]” and [B]") Construction

of

Characteristic value (1) —p [T] array
Number of Fourier components of
characteristic functions desired (Nf) l
Generalized coordinate set equal to
unity in normalization process (I) Construction of a set

of nonhomogeneous
linear algebraic
equations for the
characteristic

functions

|

isti ti for
Printout of characteristic value Solution
and corresponding characteristic characteristic

functions

functions

Figure 1. Basic flow diagram for characteristic
modal functions
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APPLICATION OF THE METHOD

The computer program developed in Reference 1 for predicting
the characteristic values of a coupled set of linear, second-order
differential equations with periodically varying coefficients was
used in conjunction with the computer program that was developed
herein to determine the stability characteristics of a model heli-
copter blade in hover and forward flight. The model helicopter
rotor blade for which experimental flutter results are presented
in References 3 and 4 had a single blade with a radius of four
feet and with a flapping hinge through the axis of rotation. The
blade had a constant chord of 3.5 inches and a root cutout of
6 inches. The blade was relatively rigid in torsion, but the con-
trol system was made flexible, so the primary contributions to the
blade motions derived from rigid-body feathering, flapping motions
and deflections in the first flapwise bending mode.

The model configuration that was chosen for investigation had
a ratio of the nonrotating first uncoupled flapwise bending fre-
quency, E¢ to feathering frequency meo of 0.63 and a chordwise
1

center of mass at the 42.5% chord aft of the leading edge.
Determination of Model Blade Fregquencies

Since the experimental flutter data presented in Reference 3
was not supported by either measured or computed uncoupled and
coupled mode shapes and frequencies for the model blade (needed for
the present study), they had to be determined. This was accom-
plished by using a refined rotor blade vibration analysis, Refer-
ence 4, in conjunction with the blade data reported for the blade
in Reference 3. The results of these calculations yielded an un-
coupled nonrotating first bending frequency E¢l of 75 rad/sec.

The root feathering spring was then adjusted so that the first non-
rotating feathering-torsion mode had a freguency meo of 119.1 rad/

sec in order that a frequency ratio of B¢1/590 of 0.63 was obtained.

Using the stiffness of the feathering spring that was determined by
this method, the coupled nonrotating and rotating vibration modes
were then computed at various rotational speeds. A frequency dia-
gram presenting the results of these calculations is presented in
Figure 2, and the generalized components of the various coupled
modes at the blade tip are given in Table I for a few of the rota-
tional speeds at which calculations were conducted.

13
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TABLE I

GENERALIZED COMPONENTS OF COUPLED MODES

Rotational Speed (rad/sec)
Coupled — _
Mode Component o | 15 20 | 24.5
First Flap-Bending - 1.0 1.0 1.0
Feathering-Torsion - 0.0738 0.13 0.193
Second Flap-Bending 1.0 1.0 1.0 1.0
Feathering-Torsion -1.81 -1.93 -2.01 -2.1
Third Flap-Bending 1.0 1.0 1.0 1.0
Feathering-Torsion 9.01  8.77 8.62 8.46

It should be noted that since the generalized components have
been normalized by the flap-bending deflection, the feathering-
torsion deflections have units of radian per unit of tip bending
deflection.

The first coupled mode is primarily a flapping mode and the
second and third coupled modes are primarily highly coupled bending-
feathering modes with the third mode having a significantly larger
relative feathering motion than the second mode.

Theoretical Determination of Rotor
Stability Characteristics

Using the first three coupled modes of the rotor blade as
generalized coordinates, the characteristic values and charac-
teristic functions were determined for various rotor speeds at
advance ratios of 0, 0.1, 0.2, and 0.3. The characteristic wvalues
and characteristic functions that were determined are presented
in Table II and Table III, respectively. In order to determine,
at a given advance ratio, the rotational speed at which the rotor
is neutrally stable, the real part of the characteristic value is
plotted versus rotational speed and the rotation speed at which
the real part vanishes is the critical speed. Since the real part
of the characteristic value can be considered to be a measure of
the system damping ({(growth or decay rate) the effect of structural
damping can be easily determined in much the same manner as it is
accomplished for fixed wing aircraft through plots of velocity
versus damping.

15



TABLE II

CHARACTERISTIC VALUES OF MODE WHICH BECOMES UNSTABLE

Rotational Speed (rad/sec). .
" _
10 15 18 20 23
0 }1.74+64.0i | -1.390%60.31i - 2.32+53.9i {8.0+50.21
0.1 - -1.190+56.3i | ~0.612+56.31 | 2.50+54.1i -
. - -0.980+60.21 1.360+56.4i | 4.04+53.51 -
0.3 - -0.525+59.7i | 2.430+56.4i {4.20+55.01 -

As noted in Table III, the characteristic function at each
condition has contributions from all the coupled modes which have
been normalized by the value of the second coupled mode. The rela-
tive magnitudes of the various modes in the characteristic function
give an indication of the primary degrees of freedom that are
present. For example, for a rotor speed of 18 rad/sec and an ad-
vance ratio of 0.10, the first coupled mode has a relative ampli-
tude of approximately 0.78, the second 1.0, and the third, 0.026.
These relative orders of magnitude indicate that the rotor oscilla-
tory motion at these conditions is comprised primarily of motions
in the first and second coupled modes. When these relative ampli-
tudes of motion for the various modes are applied to the different
coupled degrees of freedom to determine the relative amplitudes of
the primary motions (flap, bending, feathering), the results indi-
cate that the mode of instability is of a highly coupled bending-
feathering type.

Comparison of Theoretical and Experimental Results

In order to put the theoretical results in a form in which
they could be compared with the experimental results of Reference
3, the characteristic values presented in Table II were plotted
versus rotor speed to determine the rotational speed at which the
rotor was neutrally stable. With the critical rotor speed deter-
mined, the nondimensional flutter parameters were calculated and
are presented in Table IV. When the theoretical results presented
in Table IV were compared with the experimental data, it was noted

16
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TABLE III-

CHARACTERISTIC FUNCTIONS OF MODE WHICH BECOMES UNSTABLE

Rotational Speed (rad/sec)
Mode
10 15 18 20 23
1 -0.161+0.0298i 1-0.4290+0.0051 -1.020+0.331 |-1.2400+1.131
2 1.00 1.00 - 1.00 1.00
3 -0.008+0.00361 |-0.0170+0.0071 -0.027+0.0111|-0.0326+0.0151
1l -0.4340+x0.0011 |-0.763+0.145i |-0.990+0.3461
0.10f 2 - 1.00 1.00 1.00 -
3 -0.0170x0.0071i |~0.024+0,010i {-0.027+0.0121i
1 -0.4490+0.020i |-0.760+0.205i [-0.980+0.489i
0.20] 2 - 1.00 1.00 1.00 -
3 -0.0185+0.0081i |~-0.025+0.01151|-0.027+0,0101
1 -0.4780+0.048i [-0.756+0.2941 |-0.865+0.481
0.30] 2 - 1.00 1.00 1.00 -
3 -0.0210+0.0091i |-0.027+0.014i {-0.029+0.017




TABLE IV

PREDICTED ROTOR PARAMETERS AT FLUTTER BOUNDARY

Advance Ratio u
Damping Rotor
g Parameters 0 ©0.10 | 0.20 0.30
VU U U NN ST

. Q 18.60 18.60 16.90 16.30
wy /9 6.44 6.44 7.09 7.35

0
Q 19.20 19.15 17.60 17.00

0.03

560/9 6.24 6.25 6.80 7.04

that the theoretical results were extremely conservative in that
the rotor speed at which the instability boundary was predicted was
only 59% of that which was measured. While the support data that
was presented for the model in Reference 3 did not record the un-
coupled fregquencies associated with the first bending mode and

the first feathering modes, it was determined from the data pre-
sented in Reference 5 for the same model, that the first non-
rotating uncoupled flapwise bending mode had a frequency 591 of

83 rad/sec and-the first nonrotating uncoupled feathering-torsion
mode had a frequency of 560 of 132 rad/sec. Since the correspond-
ing frequencies that were calculated during this program using the
reported mass-elastic data for the model were 75 rad/sec and 119.1
rad/sec, respectively, a direct comparison of the theoretical and
experimental data was not deemed to be valid. However, on the basis
of a straight-line interpolation of experimental flutter data for
660 of 108 rad/sec and 132 rad/sec presented in Reference 5 for the

subject model in the hover condition, it was estimated that if the
experimental frequencies reported for the model had been used in

the theoretical prediction, the theoretically determined rotor speed
would be approximately 1.24 times those predicted. It was believed,
therefore, that if the predicted results were corrected by this fac-
tor a direct comparison could be made with the experimental re-
sults presented in Reference 3. The theoretical results presented
in Table IV were thus adjusted to account for this difference and
are presented in Table V. The results presented in Table V are
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TABLE V

CORRECTED ROTOR PARAMETERS AT FLUTTER BOUNDARY

Advance Ratio u
Damping Rotox
9 Parameters o 0.10 | 0.20 0.30
Q 23.05 23.05 20.95 20.20
0
W, /9 5.19 5.19 5.72 5.93
0
Q 23.80 23.75 21.82 21.06
0.03 _
wy /9 5.03 5.04 5.49 5.68
0

compared with the experimental results in Figure 3.

As can be seen from the results that are plotted, the corrected
theoretical results while being about 35% conservative, indicate
the same trend with advance ratio as do the experimental data.
The effect of a normal amount of structural damping decreased the
degree of conservation by only 4% indicating that structural damp-
ing was not the reason for the difference between the predicted
and experimental results. It is believed that possible reasons
for the difference between the theoretical and experimental results
are tip losses and a significant reduction in the lift curve slope
from the theoretical value of 6.28 due to the relatively low
Reynolds number at which the model tests were conducted. To deter-
mine if this could possibly be the reason for the discrepancy be-
tween the theoretical and experimental results, it was assumed
that the aerodynamic forces in hover were reduced by 50% due to
these factors. The results of these calculations indicated that
the BGO/Q at hover would be 3.6 or approximately the same value as

determined by the experimental data. While it is not believed that
the aerodynamic forces would be reduced by this amount due to
Reynolds number and tip loss effects, the results do indicate that
the theoretical and experimental results would probably be in much
closer agreement if the effective 1lift curve slope associated with
the model was used in the theoretical analysis.

Since the performance characteristics were not measured for the
flutter model, an evaluation of the effective lift curve slope could
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characteristic values
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not be undertaken. For the obvious benefits that could be derived,
it is suggested that it might be ‘invaluable to measure, during all
scale model dynamic tests, the performance characteristics of the
rotor so that an estimate of the effective 1lift curve slope can be
made for use in theoretical analyses correlating the experimental-
results.

CONCLUDING REMARKS

The results of the research program conducted herein indicate
that a reliable method of predicting the characteristic functions
associated with rotor instabilities has been developed once the
characteristic values of the instability have been determined by
means of the analysis procedure previously developed.

During the performance of the effort associated with this
research investigation, it again became apparent that there is a
definite need for a reliable and well-documented set of experi-
mental flutter data. It is believed that the need for this data
is urgent as, due to the rapid growth in rotor technology, more
instances of unexpected and unexplained cases of rotor instability
will probably occur more frequently. In order to investigate the
reason for the instabilities and determine means for corrective
action, there is a need for a proven method of analysis. While
it is believed that a reliable analysis has been developed, it or
any other analysis procedure cannot be assumed to be quantitatively
reliable until it has been proven to be so by comparison with a
well-documented set of experimental data.
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APPENDIX A

Listing of Computer Program for
Determining Characteristic Eigenvalues

{Update of Program Listed in Reference 1)






9876

i1

150
9875
160

100
111

PROGRAM NASA4(INPUT,QUTPUT,ABS,TAPES=INPUT,TAPE6=0UTPUT,

1 TAPES=ABS)

[MPLICIT REAL*8(A=H,0-2)
DIMENSION AR(125),A1(125),BR(125),81(125),CR(250),C1(250),DR(250)
DIMENSION D1(250),FR(2508),F1(250),ER(250),E1(250)

DSQRT(D)=S
DMAX1(A,B,
DABS(D)=AB
DATAN(D)=A

DEXP(D)=EX
DLOG(D)=AL
DLOGLO(D) =
DSIN(D)=S]

QRT (D)
C)Y=AMAX1(A.B,C)
sS(D)

TANCD)

-DCOS(D)=COS(D)

P¢D)
06(D)
ALOG10(D)
N(D)

DCUSH(D)IBCOSH(W)
DSINH(D)=SINH(D)

READ (5,98
FORMAT (10
LK=NF

PO 11 JJK=
BR(IJK)=0,
BI(IJK)=D,

AZ=1,

76) NN,NF,L1,LJ,NW1,NSTOP
15)

1,125

IF (NW1,EQ,1) GO0 TO 150

READ (8) 1
GO TO 160
READ (5,98
FORMAT (31
Jdh= (I+L1
IF
AR(IJK)=AR
AICIJUK) =
BICIJKY=BI
BR(IJK)=
WRITE (6,1
FORMAT (3¢
CONTINUE
CALL
STOF
END

»JsKsARR, AIR,BRR,8{R

7%) 1,J,K,ARR,AIR,BRR,BIR
3,4E14,7)
4+ J)RNF+K

(K,GT,5) AZ=0,

RxAZ

AIR*AZ

RwAZ

BRR*AZ

00) 1,JsK,ARCIJK) AT CTIJK),BRITIJK)SBI(IJK)
2X212),4X,4(3X,E14,7))

G CIOUT,NF,LK,AR,Al,BR,BI,NR,NA,PDQ)

SUBROUTINE @ C(IOUT,NF,LK,AR,AI,BR,BI.NR,NA,PDQ)
IMPLICIT REAL*8(A-H,0=2) '

INTEGER UT

REAL MU

DIMENS]ON
DIMENS]ION
DIMENS]ON
DIMENS]ON
DIMENS]ON
DIMENSION
DIMENSION
DIMENS]ON
DIMENSION
DIMENSION
DIMENS]ION
DIMENSION
DIMENS]ON
DIMENSION
DIMENSION

L2(5)

ER(350),E1(350),FR(350),F1(350),FFR(150),FF1(150)
DELTL150),ALPHA(150) ,BETAC150),GAMMA(150)
GR(5000),G](5000)

C1(250),DR(250),D1(250),DUM(810)
YRO(9),Y19(9),YR12(12),Y112¢12),BIGA(9),BIGAH(13),YY(13)
AK9(9),AK12(13),DYR9(11),DYI9¢(11),DYR12€(12),DY[12(12)
SIGMA(7)
X19(10),ET9(10),X112¢13),ET12(43),X16(7),ETA6(7)
R12TR(13),R12TI(13)
AUM(1,1),AY(15),AR(125),A1(125),BR(125),B1(125),CR(250)
PSI9(9),R06TR(6),RO6TI(6)sNDRI(9),NDI9(9),NDR12(12)
NDI12(12),GETR(12),DET](12),PIRNEW(12),PIROLD(12)
PIINEW(12),PII0LD(12),AUMR9(8,14),AUMIO(8,14)
AUMR12(11,14),AUMI12(11,14)
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DIMENS]ON
DIMENSION
DIMENS]ON
-DIMENSION
DIMENSION
DIMENS]ON
DIMENS]ON
DIMENS]ON

XR(12).X](12)
CCH(150),CC(150),PS16¢7)
RR12(13),RRI12(13)

ICHG(15)
yelaz)

ROLY(9),PS]12(¢(13),ETA9(10),ETA12(13)
RR(2U),RR](20),R0QTI(2G),RQ0TR( 20),2€20),Y(20),P0LY(20)

A9(91,89(9),C9(9),AH(13),BH{13),CH(13)

EQUIVALENCE(PSI9(1),DUM(50)),(RO6TR(1),DUM(60)),(ROGTI(1),0UM(T70))
EGUIVALENCE(NDRO(1),DUM(80)),(NDI9(1),DUM(90)), (NDR12(1),DUM(100))
EQUIVALENCE (DYR9(1),DUM(115)),(DYI9(1),.DUM(130)),(RR({1),DUM(145))
EQUIVALENCE(DYR12(1),DUM(166)),(ND]12(1),DUM(180))
EQUIVALENCE(DETR(1),DUM(193)),(DETI(1),DUM(206))
EQUIVALENCE(PIRNEW(1),DUM(220)),(PIROLD(1),DUM(233))
EQUIVALENCE(PIINEW(L1),DUM(246)),(P1IO0OLD(1),DUM(260))

EQUIVALENCE

(AUMR9(1,1),DUM(273)), (AUMI9(1,1),DUM(386))

EQUIVALENCE(AUMR12(1,1),DUM(500)),(AUM]I12(1,1),DUM(655))
EQUIVALENCE(AKY(1),GR(1)), (AK12(1),GR(10)),(SIGMA(1),GR(25))
EQUIVALENCE(GR(35),X]9(1)),(ET9(1),GR(45)),(X]12(1),GR(60))

DSWRT(V)I=SART(V)
DMAX1(A,B,C)=AMAX1(A,B,C)
DABS(V)=ABS(V)

DATAN(VIZATAN(V)

DCOS(VI=COS(V)

DEXP(V)=EXP (V)

DLOG(V)I=ZALOG(V)

DLOGL0(V)=ALOGLO (V)

DSIN(V)I=SIN(V)

DCOSH(V)=COSH(V)

DSINH(V)=SINH(V)

FORMULA FOR GR,G1,ALPHA,BETA,GAMMA,DELT  [S

MAINFRAME PROGRAM FOR THE NASA FLUTTER
DO 1 1s1,5000

N oD nNHe
OO= o« O»
- 0
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c

1575

1380
1171

: F A SPECIIFIED INTEGER USUALLY LESS THAN 3
YTsé
jouT=UT
NIN=5
NP=6
NOUT=NP
LI=3
LJ=3
LK=NF
N=NF
K=1
LM = 3
LJ1 = LJ+1
PO 1575 MM=1,810
DUM(MM) = 0
CONT [NUE
OUT==1
PI=3,1415926
DELTA=,0001/P]

EPS=1,D~10

DELTAX=1,D~5

CALL S1B(OUTPUT,CR.CI,INPUT,AR,AR,Al,Al,BR,BI,LI,LJsLK,NF,NP)

CALL S1B(OUT,DR,DI,IN,AR,BR,AI,Bl,DUM,DUM,L1,LJ,LK,NF,NP)

CALL S1C(AR,AI,CR,CI,CR,C1,DR,DILER,EI,L],LJsLKsNF)

CALL S1iC(BR,BI,CR,C!,DR.,DI1,DUM,DUM,FR,FI,L],LJ,LK,NF)

CALL S$(1,PSI9,ETA9,YR9,YI9,K9,IN,DELTA,CR,DRsNF,9,NP,NIMAG)

L=NIMAG

CALL S3(1,PS112,ETA12,YR12,Y112,K12, IN,DELTA,ER,FR,NF,12,NP,NIMAG)

CALL D(FFR,FFI,GR,Gl,ALPHA,BETA,GAMMA,DELT,CR,CI,DR,DI,AUMR9,AUM]O
1,AUMR12,AUMI12,DYR9,DYI9,PIROLD,PIRNEW,YR9,Y]9,NDRI,NDI9,9,K9,L.,N,
2LI,LJINF,EPS,DELTAX)

CALL D(FFR,FF!,GR,Gl,ALPHA,BETA,GAMMA,DELT,ER,EI,FR,F1,AUMR9,AYyMI]?
1.,AUMR12,AUMI12,DYR12,DY112,P[I0LD,PIINEW,YR12,YI12,NDR12,NDI112,
212,K12,NIMAGsN-LI,LJ,NF,EPS,DELTAX)

WRITE (NP,1180) DYR9,DYI9,DYR12,DY]12

CALL S4(CC,BIGA,A9,B9,C9,XR,X]1,U,PS]9,ETA9,9,K9,P1,DYR9,DYI9,YR9,
1 Y[9)

WRITE (NP,1180) B]GA

CALL SIMQ(CC,9.BIGA)

WRITE (NP,1180) BIGA

0UT=1

CALL S4(CCH,BIGAH,AH,BH,CH,XR ,XI ,U,PSI112,ETA12,12,K12,P!,

1 DYR12,DYI12,YR12,Y112)

WRITE (NP,1180) BIGAH
CALL SIMQ(CCH,12,BIGAH)
WRITE (NP,1180) BIGAH
WRITE (NP,1180) AH,BH,CH
WRITE (NP,1180) A9,B9,C9
FORMAT (wi»x/(G15,7))
CALL S5A(0OUT,AK12,IN,K12, 6,BIGAH,BH,AH,CH, IERR)
AY(1l) = AK12(12)

AY(2) = AK12(11)

AY(3) = AK12(10)

AY(4) = AK12(9)
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1169
1177

1175
1167

AY(5) = AK12(8)
AY(6) = AK12(7)
AY(7) = AK12(6)
AY(8) = AK12(5)
AY(9) = AK12(4)
AY(10) = AK12(3)
AY(11) = AK12(2)
AY(12) = AK12(1)
AY(13) = 1,
NUM=12

CALL DPRQD (AY»13,R12TR,R12TI,YY,NUM,I1ERR)
WRITE (6,1180) NUM, IERR

CALL TEA(12,6,K12TR,R12T],Xx112,ET12)

CALL S5A(0UT,AK9,N,K9,4,BIGA,B9,A9,C9, [ERR)
AY(1l) = AK9(9)

AY(2) = AK9(8)

AY(3) = AK9(7)

AY(4) = AK9(6)

AY(5) = AK9(5)

AY(6) = AK9(4)

AY(7) = AK9(3)

AY(B) s AK9(2)

AY(9) = AK9(1)

AY(10) = 1,

NUM=9

CALL DPRGD (AY,10,RR,RRI,YY,NUM, 1ERR)
WRITE (6,1180) NUM,IERR

CALL TEA(9,6,RR,RRI,X19,ET9)

CALL S6(0QUT,SI1GMA, IN,AK9,AK12,NP)
Z(7) = 1

Z(6) = SIGMA(1)

Z(5) = S]IGMA(2)

Z(4) = S]IGMA(3)

Z(3) = SIGMA(4)

Z(2) = SIGMA(B)

Z(1) = SIGMA(S6)

WRITE (NP,1180) SIGMA

NUM=6

CALL DPRGQD (Z,7,R06TR,R06T],YY,NUM,]ERR)

WRITE (6,1180) NUM,!IERR

CALL TEA(6,6,R06TR,RU6TI,XI6,ETAS)

CALL PAT(AUMR9.,AUMR12,PS19,PS8112,X19,X112,X16,ETA9,ETAL2,ET9,ET12
1,ETAG, GA,MU,NF,RR,RRI,R12TR,R12TI,R06TR,R06TI,NDR9,NDR12,YR9, YR
212,PJROLD,PIRNEW,P]JIOLD,PIINEW,AUMI9,AUM]I12,ND]J9,NDI12,Y]19,Y]12)

STOP

END

SUBROQUTINE D(FFR,FF1,GR,GI,AL,BE,GA,DE,CR,CI,DR,DI,AUMRO,AUM]?O
1,AUMR12,AUM]I12,DYR9,DY]I9,P]ROLD,PIRNEW,YR9,YI9,NDR9,NDI9,NDsL+X:N,
2LIsLJsNFLEPS,DELTAX)

IMPLICIT REAL*8(A~H,0=2)

DIMENS]ION AY(4150)

DIMENSION DETR(20),DETI(20),NDI(20),P]IRNEW{20),PIROLD(2D)

DIMENSION FFR(1),FFI(1),GR(1),GI1(1),AL(1),BE(1),GA(1),DE(4),DR(1),
1 DI(1),CR(1),CJ(1),AUMR9(8,14),AUM]I9(8,14),AUMR12(11.,14),

2 AUM]12(11,14),DYR9(1),DYI9(1),YR(1),Y]90(1),NDRO(1),ND19(1)

DSQRT(V)=SQRT(V)

DMAX1(A,B,C)=AMAX1(A,B,C)

DABS(V)sABS(V)

DATAN(V)ISATAN(V)

PCOS(v)=CO5(V)

DEXP(V)=EXP(V)

DLOG(V)=ALOG(V)
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DLOG1O(¢V)=ALO0G10(Y)
DSINCVIESIN(V)
DCOSH(V)®COSH(V)
DSINH(V)ISSINH(V)
c SUBROUTINE TO FETCH DETERMINANTS AND GCONVERGENCE MONITOR
QuUT=6,
NGOz 6
NIMAGs K
KEUEK
K9sL
IF(NO=9) 2,3,2
NUM=1
GO TO 4
IFI(NQ=12) 5,6,5
KEU=3
RETURN
Num=2
NO1=NO=1
c DO COMPLEX ROOTS FIRST USING COMPLEX CONJUGATE OF THE DETERMINAN
c DO THE REMAINING REAL ROOTS SECOND RART 2
DO 1145 NP=1,2
GO0 TO (1041,1042),NP
1041 NPis1
NP2=NIMAG
NSTEP= 2
GO TO 1143
1042 NP1=NIMAG+1
NP2s NO-1
IF (NP2,EQ,NIMAG) GO TO 1145
NSTEP= 1
1143 DO 145 MMaNP1,NP2,NSTEP
IN=0
H=YRQ (MM)
GHaY19(MM)
168 DO 55 NDs5,6 J
NO3=6+ND+3
NN=NO3=NO3
DO 77 LL=1.NN
GR(LLY=0,
77 GI(LL)=0,
MDzND
¢ NOGO = 4 INDICATES THAT BOTH HAVE CONVERGED
CALL S2A(OUT,FFR,FFI,GR,Gl,AL,BF,GA,DE,PIR,PII,
1 IN,CR,CI+DR,UI+H,GH,N,ND,LLI,LJ,NF,M,NQ,NO,EPS,DELTAX)
4444 [F(KEU) 11,11,12 :
12 WRITE(NQ,1037) ND,H,GH,PIR,PII
1037 FORMAT(1HO,4H Y( ,13,4H)= E20,8,%1+%,14H D REA| E20,8,
112H D IMAG = ,G20,8 /+*0+,BG15,7)
11 DETR(ND)=SP]R
DETI(ND)=P]1
GO TU (919,912),NUM
949 AUMR9(MM,ND)I=P|R
AUMI9 (MM, NDI=PLT
IF(NP,EQ,1) GU TO 55
AUMR9 (MM+1,ND)= PIR
AUMIO(MM+1,ND)=+P] ]
GO TO 55
912 AUMR12(MM,ND)=PIR
AUMI12(MM,ND) =PI
IF(NPL,EQ,1) GU TO 55
AUMR12(MM+1,ND) =P[R
AUMIA2(MM*1,ND)=s~P]]

> O AL R (2]
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55 CONTINUE
NOMO=1
NOGOs1
£5?1t3!300
DETI(4)x0,
PO 155 ND=7,11
IF (NSTEP,EQ,1) NOMO=2
NOGOs NOCO+NOMO
{F (NOGO,EQ.,4) GO YO 1677
NO3=6«ND+3
NN=NOJ*NO3
PO 78 LL=1,NN
GR(LL)=0O,
78 GI(LL)=0
Mb=ND
91 CALL S2A(OUT,FFR,FFI,GR,G],AL,BE,GA,DE,PIR,P1I,
4 IN»CR,C],DRsDI,H,GH,N,ND,LI,LJ,NF,M,NQ,NO,EPS,DELTAX)
IF(KEU) 13,13,14
14 WRITE(NQ,1037) ND,H,GH,PIR,PI11,NOCO,NOMO
13 DETR(ND)=P]R
GO T0(29,32).NUM
29 AUMR9(MM,ND)Y=PIR
GO TO 35
32 AUMR12(MM,ND)=PIR
35 NSTART=5
GO TO (92,93),N0CO
92 CALL UP(DETR,MU,NSTART,NQ)
NDRS(MM)=ND
DETR(4)=PIR
83 IF (NSTART) 93,141,93
141 JF(DETR(2)) 93,167,93
167 DETR(4)=DETR(1)
c REAL PART HAS CONVERGED
NOCO=2
93 NSYART=S
GO TO (95,155),N0OMO
95 DETI(ND)Y=PI]
CALL UP(DET],MU,NSTART,NQ)
DETI(4)=PII
NDI9(MM)=ND
JF(NSTART) 155,1441,155
1441 IF(DETI(2)) 155,97,155
97 NOMO=2
DETI(4)=DETI (1)
155 CONTINUE
]F (NOMO,EQ,1) DETI(1)=PIl
IF (NOCD.,EQ,1) DETR(1)=PIR
IF (NSTEP,EQ,1) DETI(1)=0,
ND=MD
1677 DY]I9(MM)= DET](4)
DYRS(MM)=DETR(4)
PIRNEW{MM)=DETH(3)
PIROLD(MM)Y=DETI(3)
GO T0(49,52),NUM
49 AUMKR9(MM,ND+1)=DYR9(MM)
AUMI9(MM,ND+1)sDY]9(MM)
{F(NP,EG,2) GO TO 51
AUMRO (MM+1,ND+1)=DYR9 (MM)
AUMI9(MM+1,ND+1)s~DY]9(MNM)
NDI9(MM+1)=0
GO T0 51
52 AUMR12(MM,ND+1)=DYR9(MM)
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Qa0 [ p]

AUMI12(MM,ND+1)=DY[9(MM)
[F(NP,EG,1) GO TO 51
AUMR3L2(MM+1,ND+1)=DYRO(MM)
AUMI12(MM+1,ND+1)=«DYI9(MM)
NDI9(MM+1)=0
51 NDI9(MM)=ND
JF{KEU)145,145,57
57 WRITE(NQ,6656)UETR(1), DETI(l) H
6656 FORMAT(1HO0,22HPRED]JCTED CONVERGENCE G20,8,7H REAL »G20,8,
1 7H 1MAG, 1584 EVALUATED AT G20,8)
DETI(4)=0,
145 CONTINUE
1145 CONTINUE
RETURN
END
SUBROUTINE PRE(ND,PC,.NP)
IMPLICIT REAL*8(A=H,0~2)
DIMENSION PC(18)
PREDICT THE CONVERGEED VALUES BASED ON THE LAST THREE
DETERM]INANTS
REAL*8 K2K1,K2K3I,MU,K1,K2,K3
REAL K1,K2,K3,K2K1,K2K3,MU
DSQRT(D)=SWRT (L)
DMAX1(A,B,C)Y=AMAX1(A,B,C)
DABS(D)=ABS(D)
DATAN(D)YSATANCU)
DCOS(D)=COS(D)
DEXP(D)=EXP (D)
DLOG(D)=ALOG(D)
DLOG10(D)=ALOG10(D)
DSINMN(D)=SIN(D)
DCOSH(D)=CASH(W)
DSINH{(D)=SINH(D)
DELTA=,00001
c1i PC{(ND=2)
c2 PC(ND=1)
c3 PC(ND)
KisivD-2
K2 = ND-1
K3 = ND
K2K33 K2/K3
K2K1=K2/K1
WRITTEN FOR THE INFINITE DETERMINANT SUBROUTINE WITH ASYMPTOT]IC
MU = (C1~-C2)/(L2-C3)
Pz,00001
FP = MU»{(3 ,~K2K3*2xP)~K2K1wxP+]
AzDABS(FP)/FP
THIS GETS NEGATIVE OR POSITIVE ONE
AM = 1
AP = 1
M20=1
M100=100
M1 = 1
13 KKKK=0
po M = M20,M100,M1
AP = K2K1w*AP
AM = K2K3*AM
FP MUsMUwAM =AR+]
B=DABS(FP)Y/FP
[F¢(a+8) 1,10,1
1 CONTINUE
PC(2) = 3

nuao

-
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RETURN
10 MS0 s M+50
18 PNaM
19 FA = MUx(1,-K2K3*«PN)=K2K1*«PN»1
po 15 L s 1,%0
PNK2K3 = K2K3x*PN
PNK2K1= K2K1#*xPN
PN1 = PN #(MU*(1,=-PNK2K3)=PNK2K1 *1)/(PNK2K1w#DLOG(K2K1)+MUsPNK2KI*
1DLOG(K2K3)) .
PN1FP=(PN1=PN)/PN1
PN = PN1 .
B 5 MU (1,°K2KS+*PN1)=-K2K1#vPN]1 +1
PC(3)=PN1
IF (DABS(PN1FP)~DELTA) 16,16,15
15 FA = B
14 PC(2)=2
RETURN
16 PC(1) =(C2*K2K1**PN1~C1)/{( KZ2K1w*ePN1l=1, )
PC(2) = 0
RETURN
END
SUBROUTINE S2A(OUT,FFR,FFI,GR,GI,ALPH,BET, GAMM,DELT,PIR,PI1I,
1 IN,CR,CI«DR,DI,YR,YI,N,ND,LI,LJsNF,M,NP,NO,EPS,DBELTAX)
JMPLICIT REAL*8(A-H,0<2)

TO GET THE REAL AND IMAGINARY PART OF A COMPLEX DETYERMINANT
SUBRQUTINE SECTI2B(QUT,FFR,FFI,GR,G]1,ALPH,BET,GAMM,DELT,PIR,P1!,
DIMENSION CR(250),C1(250),DR(250),DI(250),ER(350),E1(350)
DIMENSION ALPH(150),BET(150).GAMM(150),DELT(150)

DIMENSION FFR(350),FF1(350)
DIMENSION FR(350),F1(¢(350),GR(350),G1(350)
DSGRT(D)=SQART(U)
DMAX1(A,B,C)=AMAX1(A,B,C)
DABS(D)=ABS(D)
DATANC(D)=ATAN(D)
DCOS(D)=COS(D)
DEXP(D)=EXP(D)
DLOG(D)=ALOG(D)
DLOG10(D)=AL0OG10(D)
DSIN(D)=SIN(D)
DCOSH(D)Y=COSH(DL)
DSINH(D)=SINH(D)
ALF(FFRI,GRIJ,FFI1,GI1J,AB) I(FFRI=GRIJ +FFII*GI1J)*AB
BETF(FFRIGIIJFFIT.GRIJ,ABIS(FFRI*GI[J=FF]I*«GRIJI*AB
FRF(YR,YIsR,CRMM1,DRMM)=YR**33 ,«YR*((2,*R+Y])*%2)+YRe«CRMM1+DRMM
FIF(YR,YI )R, CRMM1L) =(2,+*R+Y]1)# (3, #*YR#YR=((2*R+YI)u#2)«CRMML )
GRF{YR,Y[,S,CRM,CIM,DRM)SYR+CRMc(2,%S+Y])*CIM+DRM
GIFC(YR, Y] ,S,CRM,CIM,DIM)=SYRwCIM+(2,%wS+YI)*CRM+DIM
FHR(YR,Y],R,CRMM1,DRMML1)=((YR*YR=(2,*R+Y])u#*2)e*2)+YR¥CRMML~
1(4,*R*YR+2,«YReY][)##+2 +DRMM1
FHICYRsYI R, CRMML)S (2, #R+Y])*(4,%YR¥(YR*YRe((2,*R4Y])*x2))+CRMM1)
NIN=5
NP=6é
ORDER=NO
NDP1=ND+1
ND2=2*ND+3
IF{ORDER=9,)1,2,1
1 IF(ORDER=12,)4,3,4
1005 FORMAT(41H1IN DELY NEITHER A 9TH OR 312TH ORDER CALL)

3 NOR=2
LK=3«NF~2
GO T0 8

2 NOR=}1
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LK =2 2¢NF=]
B8 LJ1 a3*#(2*ND+1)
LJ1 IS USED FOR 2 DIMENSION ]NDICES
LM=L1
LN=LJ
LJslLJ+1
LK33 = L]*LJ*|LK
MDz-<ND
MZ=z0

DO 89 M=1,LM
MMi=(L]#M=LJ*M)I*LK+1
CRMM1 3 CR(MM1)
DRMM1 = DR(MM1)

NEGATIVE SUBSCRIPTING STARTS

DO 89 MX=1,ND2
MR=MX~NDP1
R=MR
] & 3*x(MR+ND)+M
NIRM=3# (ND=MR)+M
23 GO TO (66,67),NOR
DO 9 TH ORDER EWUATIONS
66 FFIIZFIF(YR,Y],R,CRMM1)
FFRISFRF(YR,Y],R,CRMM1, DRMM1)
ALPH(I)®L1 ,/(FFRI*FFRI«FFIIXFFI] )
FRN= FRF(YR,=Y],R,CRMM1,DRMML)
FINSFIF(YR,=Y!,R+CRMM1)
BET(NIRM)=1,/(FRN«FRN#+FIN*f IN)
GAMM(NIRM)=SFRN
DELT(NIRM)=SFIN
FFICI)=FFI1
FFRCLI)=FFRI
GO TO 89
67 FFRI=FHR(YR,YI,R,CRMM1,DRYM1 )
FFII=FHI(YR,Y1,R,CRMMY)
FF1{])=FFI1]
FFR(O])=FFRI
ALPH(I)=s1,/(FFLII«FFI]+FFRI*«FFR])
FRN=FHR(YR,~Y],R,CRMM1,DRMM1)
FINZFHI(YR,oY1,R,CRMM1)
BET(NIRM)=1,/(FRN*FRN+FIN*«FIN)
GAMM(NIRM)=FRN
DELT(NIRM)=FIN
89 CONTINUE
DO 5 MY=1,ND2
MSzMY-NDP1
S=MS
§2 = S+§
MSND = ND=MS
MSND3 = MSND+MSOSND+MSND
NDMSEND+MS
NDMS3 = NDMS+NUMS+NDMS
DO 5 MX=MY,ND?2
MR=MX»NDP1
R=MR
NDMK = NpD=MR
NDMR3 = NDMR+NUMR+NDMR
MRND= MR+ND
MRND3 = MRND+MRND+MRND
MRMS1 = MR=MS+1
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DO 5 M=1,LM
] = MRND3+M

INDICES ARE IN THREE DIMENSIONS

6117

6177
617
2112

2111

Ji11

assa7z
2999

NIRM = NDMR3I+M
BA=BET(N]RM)

FRNEG =GAMM(NIRM)
FINEG =DELT(NIRM)
NIRM = (N][RMel) sl J1
IRM=z 3+« (MReND)+M

"FFRISFFR(I1)

FFIl = FFICD)
AB=ALPH(I)
IRM = |

IRM1 = (JRM=1)+*| J1
DO 5 Nai,LN
MNz(LIwMel J&N)wLK
MNRS1= MN+MRMS1
NJSN = MSND3I+N
NEGIJ = NIRM1+NJSN
JSN 3 NDMS3+N
IJ= IRM1i+JSN
IF(MRMS1~LK) 6177,6177.:6117
GR(IJ) = 0,
GIltlJ) = 0
GR(NEGIJ)=0,
GI(NEGIJI=0,
G0 TQ 5
IF(M=N)2111,617,2111
IF(MR~-MS) 2111,2112,2111
GR(IJ) = 11
GItlJd) = 0
GR(NEGIM) =
GI(NEGIJ)=
G0 TQ 5
CRMNRS® CR(MNRS1)
CIMNRS= CI(MNRS1)
DRMNRS= DR({MNRbS1)
DIMNRS= D] (MNRS1)
GRIJ=GRF(YR,Y1,S,»CRMNRS,CIMNRS,DRMNRS)
GIIJSGIF(YR,Y1,S,CRMNRS,CIMNRS,DIMNRS)
TEMPA =(FFRI*GRIJ ¢ FFII+«Gl1I1J)wAB
GI(lJ)s (FFRI+GWIIJ=-FFII*GR]IJ)*AB
GR(IJ) = TEMPA
GRNEG =GRF(YR,*YI,S,CRMNRS,CIMNRS,DRMNRS)
GINEG =GIF(YR,<=YI,S,CRMNRS,CIMNRS,DIMNRS)
GI{NEG]J)==BETF(FRNEG ,GINEG ,LFINEG ,GRNEG ,BA)
GRINEGIJ)=ALF(FRNEG ,GRNEG LFINEG ,GINEG ,BA)
CONT INUE
KKKKK=0
KKKKK=0
Mz6*ND#*3

1,
0,

M1 = M=1

DO 200 KM = 1,M1
NST = 3

M2J = KM
MKM=M=KM
M2zMKMe]l

M21M = (M2e1)wM
MM= (M2e1)*MeM2

GRMMs GR(MM)
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GIMMz Gl (MM)

D = GRMM«GRMM + GIMM«GIMM
Dii=1./D

[F(D=EPS)71,72.72

UNLIKELY EVENT A(MM) w2 + B(MM)=w2 TO SMALL
71 NAsMeKM
DO 73 LL=1,NA
LUVME(LL=1)#*M+)
IF(GR(LUVM) =DELTAX) 91,91,92
91 IF(GI(LUVM)-DELTAX) 733,733,92
73 CONTINUE
733 WRITE(NP,1002)UELTAX,D,M2J
1002 FORMAT(S4H »=w=UNABLE TO FIND AN ALPHA OR BETA LLARGER THAN DELTA /

1 21H IN SUBROUTINE DELY /
2 1DH DELTAX= » G20,8,17H OLD VALUE USED= G20,8,10H COLUMN
1 15

IF(D) 72,999,72
92 DO 77 J=1,NA
NAJS(NA=1)*M+ )
KJ=(LL~1)eM+)
GR(NAJ) = GR(NAJ) e GR(KJ)
GI(NAJ) = GI(NAJ) + Gl(KJ)
NANA = (Nar1)#M + NA
D = GR(NANA)*GR(NANA)}*®G] (NANA)*G](NANA)
77 CONT[NUE
4007 FORMAT(21H ADJUSTMENT ON CO[UMN 15)
WRITE(NP,4007) M
GO TQ0 72
999 WRITE(NP,1009)
1009 FORMAT(L1HOSO0HNECESSARY TO AB0RT DUE TO SINGULARITY )
STOP

72 MONEY=0
DO 2200 I=1,MKM™M
IiM= ([=1)*M
JM = JT1MeM2
IMs([=1)*MeM2
GRIM = GR(IM)
GIIM = GI(IM)
GAM = GRIM*«GRMM + GIMM*G]IM
GA = DII~GAM
DE = DII*(GIIM*GRMM-GRIM*G]MM)
D02200 J ® 1, MKM
IJ = 11iM+)
MJs M21M+J
BE = GI(MJ)
AL = GR(MJ)
GR(IJ) = GR(IJI=GA*AL «DE*BE
GI(IJd) = GI(IJ) -~ GA+*BE~DEwAL
2200 CONTINUE
200 CONTINUE
PIIN = GI(1)
PIRN = GR(1)
M1 = Mn1
DO 103 K = 2,M1
KKs(Kwl)w*MeK
GRKK = GR(KK)
GlKKs Gl (KK)
PIR = GRKKtPIRN-GlKKtEIIN

35



Pl1] = PIIN*GRKK + GIKK*PIRN
PIRN=SP]IR
103 PIINSP]I
LJd=lr1
RETURN
4 WRITE(NP,1005)
RETURN
END
SUBROUTINE UP(PC,ND,NSTART,NP)
IMPLICIT REAL®G6(A=H,0<2)
DIMENSION PC(18)
COMMON /AERR/ PD,PA,RAT10, IRRCD,MRRCD,NRRGD, KX
DSQRT(D)=SQRT (L)
DMAX1(A,B,C)=AMAX1(A,B,C)
DABS(D)=ABS(D)
DATAN(D)I=ATAN(D)
DcosS¢Dy=CcosS(D
BEXP(D)=EXP(D)
DLOG(D)=ALOG(D)}
DLOGL0(D)=ALDGL0(D)
PSIN(D)=SSIN(D)
DCOSH(D)Y=COSH(L)
DSINH(D)=SINH(D)
SUBROUTINE TO ESTABLISH CRITERION FOR CONVERGENCE
THE [LAST THREE DETERMINANTS MUST BE MONOTONIC, CONVERGING
1KX=0
IRRCD=0
NRRCD=0
MRKCD=0
EPSIL = ,075
EP2 = 2,*EFSIL
51 ND1 ® ND~1}
ND2 = ND=2
PA =5 PC(ND1)=PC(ND2)
PD = PC(ND)=PCI(ND1L)
PAGS=2PA
PA76=PD
PAL1=DABS(PA)
PD1=DABS(PD)
1F(PDle PA1Y)8B,55,55
KKKK=(
IF(PA) 1,2,2
PA=~1,
GO T0 3
PAs1,
IF(FD) 4,5,5
PD==1,
GO TO 6
PD=1,
IF(PA+PD)7,55,7
IRRCD=Y
PD=PDI1/PC(NDL)
IRRCD=0
MRRCD=3
PAsPAY/PC(ND2)
MRRCD=0
PA=DABS(PA)
PDz=DABS(PD)
IF(PA=-EPSIL)Y 17,17,55
17 1IF(PD~EPSIL) 18.,18,55
18 KKKK=0
NRRCD=S

AN - o0

~ O \n
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RATIO=PA76/PA6S
NRRCD=g
1F (1KX,GT,0)
.4 WRITE (6,9876) IRRCD,MRRCD,NRRCD
9876. FORMAT («0»,*DIVISION BY ZERO ERROR #,15,15,15)
IF(RAT]0)55,55,19
19 JF(RAT]0~,8)54,55,55
54 CALL PRE(ND,PC,NP}
NSTART = 0
RETURN
‘55 CONTINUE
NSTART = 1
RETURN
END
SUBROUTINE S3(QUT,PS],ETA,YR,Y],N,IN,DDsCR,DR,NF,K,NP,NIMAG?)
IMPLICIT REAL*8(A=H,0=2)
INTEGER OUT
DIMENSION ROLY(6),POLY(6)
DIMENSION PST(1),ETACL),YR()»Y]I(1),CR(Y
DIMENS]ON ROOTR(12),R00TI(12),RR(12),RR!
DPSORT(D)Y=SQRT(D)
DMAX1(A,B,C)=AMAXL(A,B,C)
DABS(D)=ABS(D)
DATAN(D)=ATANC(D)
DCOS(D)=C0S(D)
DEXP(D)ZEXP(D)
DLOG(D)=ALOG(D)
DLOGLO(D)=AL0G10(D)
DSIN(D)=SINCD)
DCOSH(D)=COSH(D)
DSINH(D)Y=SINH(L)
K IS THE ORDER
N IS THE NUMBER OF COMPLEX PAIRS
NOUT=NP
SUBROUT]NE TO GET THE POLYNOMIAL ROOTS OF THE 9TH AN 12TH ORDER
DELTA= DD
LI=s3
L30

Y»DR(1)
(12)

LJi=4
NF3=3*NF=2
JF(K=9) 1,2,1

1 [F(K=12) 99,3,99
2 LK=2wNFel
NORDER=®1
NKz3
GO TO 4
3 LKFR3I*NF-2
NORDEREe?
NK=4
KNF3 = 3#«NFe2
4 DO 20 M= 1,3
Ls(M=1)eNK
NNL=(LIwM= JleM)*| K+]
C # CR{NN1)
D= DR(NN1)
GO 70 ( 9,12),NORDER
9 ROLY(4)s 1,
ROLY(3)=0,
ROLY(2)= C
ROLY{(1)= D
IK=s4
GO TO 410
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12 ROLY(5)=
ROLY(4)=0
ROLY(3)=0
ROLY(2)=C
ROLY(1)= D
IK=5
4242 FORMAT(tH ,6G20,6)
10 CALL PROD(ROLY,IK,ROQTR,RO0TI,POLY,NUM,I1ER)
WRITE(6,4242)R00T}
WRITE(6,4242)RUOTR
14 JF(OUT) 21.,21,16
16 GO 70 (919,912),NORDER
1112 FORMAT(#0w// = POLYNDMIAL *SHX*%3 + « #F16,6,#*X + *F16,6/
1 * REAL PART OF ROOT » F16,6,+ IMAGINARY PART QOF ROOT * F16.:6/
1 « REAL PART OF ROOT « F16,6,* IMAGINARY PART OF ROOT % F16.6/
1 » REAL PART OF ROOT ¢ F16,6,* IMAGINARY PART QF ROOT % F1§,6/)
1002 FORMAT{3IX,25HERROR IN PRQOD SUBROUTINE , 15/)
1113 FORMAT(»Qw// * POLYNOMIAL *5HX**4 % + wF16,6,%% * %xF16,6/
1 « REAL PART OF ROOT « F16,6,+* IMAGINARY PART OF ROOT * F1g.6/
2 » REA|L, PART OF ROQOT # F16,6,+ IMAGINARY PART OF ROOT # F16.6/
3 ¢ REAL, PART OF ROOT » F16,6,* IMAGINARY PART OF RQOT ¢ F16.6/
4 + REAL PART OF ROQT # F16,6,+ IMAGINARY PART QF ROOT # F16.67)
919 WRITE(NP,41112)C,D, (ROOTR{JY,RO0TI(J),Jm1,NK)
GO TQ 21
912 WRITE(NP,41113)C,D,(ROOTR(J),ROOTI(J),J31,NK)
21 DO 26 LMs1,NK .
LMLELMeL
RR{LML) = ROOTR(LM)
26 RRI(LML) = ROOTI(LM)
MM =(M=1)*4
20 CONTINYE
WR]TE (6,4242) RR,RR]
ALL TWELVW ROOTS OF THE 12TH ORDER SYSTEM HWAVE BEEN FOQUND
ALL NINE ROOTS HWAVE BEEN DETERMINED
SEARCH FOR THE ZERD IMAGINARIJES
KTOPsK
KLOW = 1
DO 30 M=1,K
IF(RRI(M))31,32,31
32 PSI(KTOP)=RR(M)
YR(KTOP)=RR(M)»DELTA
YI(KTOP)=0,
ETA(KTOP) =0,
KTQP = KTOR=1
GO TO 30
31 YR(KLOW)=RR({M)=DELTA
PSIC(KLOW)SRR(M)
ETA(KLOW)=ERR] (M)
YI(KLOW)Y3RR] (M)
KLOW = KLOWe1
30 CONTINUE
NIMAGYSKLOWel
47 Nz K| OW/2
ALL TWELVW ROOTS OF THE 12TH ORDER SYSTEM HAVE BEEN FODUNC
IF(OUT) 100,100,98
98 DO 140 M=1,K
WRITE(NP,1045) M,RSI(M)
WRITE(NP,1016) M,ETA(M)
WRITE(NP,1047)IM, YR(M), Y] (M)
1016 FORMAT(1H ,6HETA ( 1%,4H) = E20,8)
1017 FORMAT(1H 6HYR t,15,4H) = E20,8,7H IMAG, E20,8)
1015 FORMAT(1HO,6HPSI (,15,4H) = E20,8 )
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CONTINUE

GO TO 100

INs1

RETURN

END

SUBRQUTINE S1B(OUT,CR,CI,IN,AR;BAR,A],BAl,BRyBI,LI,sLJsLKyNFsNP)
IMPLICIT REAL*B(A-H,0=-2) )
DIMENSION CI(250),CR(250),AR(250),BAR(250)2,BAl(250),Af(125)
DIMENS]ON BR(250),B1(25)

DSQRT(D)I=SQRT(D)

DMAX3(A,B,C)=AMAX1(A,B,C)

DABS(D)=®ABS(D?

DATAN(D)=ATANC(D)

PCOS(D)Y=COS(D)

DEXP(D)=EXP(D)

DLOGE(D)YzALOG(D)

PDLOGLO(D)Y=ALOGLO(D)

DSINC(D)=ESIN(D)

DCOSH(D)=COSH(U)

DSINH(D)Y=SSINH(D)
DR THE CALCULATION OF THE CR(I,JsK) AND THE CIC]s+J,K) USE,..
ALL SECTL(CR,Cl.AR,AR,AI,Al,BR,Bl LT LJ,LK,NF)
OR THE CALCULATION OF THE DR(l.J,K) AND THE D}(],J,K) USE,,.,
CALL SECT1(DR,DI,AR,BR,Al,Bl,DUM,DUM,LI,LJ,LKsNF)
WHERE DUM [S A VECTOR AS LONG AS B! AND BR BUT = TO ZERD EVERYWHE

LJBLJ+l

LJ1 ® LJ=1

LK=ENF

N2F1 =2 2 & NF =%
NF1 3 NF + ¢

KL = 2«NF=-3

DO 5 I=1, LI
DO 5 J = 1, LU

IKL = (LI*l-LJ*Jd)eKL
[Js(Ll « I -LJ+J)rLK
FOR K ® 1, 2» vy 2 NF

Do 55 K = 1 , NF

AK = Kot

TJKL = JKL+*K

[UK a3 JJ + K

CICIJKL) = 2, AK & BAR(]JJK)Y + BI(1JK)
CRUIJKL)=s =2, wAK®*BAI([JK) « BR(!lJK)
ERFOURM THE SUMMATIONS

CONSTR =0

CONSTI = 0

DO 7 L= 1., 3

IL s (Liw]e Ly » L)*LK
JLz (LIel el J*J)wlK

CONST1 =0

CONST4 =g,

DO 15 N = 1 , K

ILN =& JLeN

LJKIN = JL ¢« K +1 =N
ARJLN = AR(ILN)
BALJK1sBAR(LJKIN)
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AYIUNZATCILN)
BILJK1=BAT(LJKIN)

APPLEs BALJK1*ARILN

PEAR = AJILN*BILJK}

CONST1 » CONST1+APPLE-PEAR
CONST1=CONST1+ARJLN*BALJKL<AIILN*BILJKY
APPLESARJLNwBILJKY
CONSTL = CONST1 + AR{ILN) e BAR{LJKIN) =
CONST4 = CONST4 o ARCILN) o BAJCLJKIN) +
PEAR =2 AJI{N*#BALJK]
CONST42CONST4+APPLE+PEAR
CONT INUE

CONST2 = 0
CONSTS = 0

IF(NF=K) 17, 17, 16

NFK®NF =K

ATCILN) o BATI(LJKIN)
ATCILN)Y o BAR(LJKLIN)

DO 20 N=1, NFK
JLNL = 1L + N + 1
LJINKZJL+#N+K
JUNK = IL + N + K
LJINL 5 JL + N 3
ARILN1sARCILNYL)
BRLJINK=BAR (L JUNK)
ALILN1=ALCILNT)
BILJNK=BA] (LJNK)
ARILNK=ARCILNK)
BRLJN1=RAR(LJNL)
ATILNKSATCILNK)
BILJINL=BAI(LJINL)
APPLE=AR]JLN1*BRLJNK
PEAR = AJILN1#u]LJNK
PEACH=ARJLNK*BRL JN1
PLUM = AITLNK*BILJN1
CONST2 = CONSTZ+APPLE+PEAR$PEACH+PLUM
APPLE=ARILN1*BILJNK
PEAR = ATILN1#*BRLJNK
PEACH = ARILNK#*BI[ JN1
PLUM = ATILNK«BRLJNL
CONSTS5 = CONSI5 ¢« APPLE-PEAR=PEACH+P| UM
CONSTS = CONSTOH+ARILNA*BILJINKeAII{N1*BRLINK~ARILNK*BILUN1+ATTLNKw
CONTINUE
CONSTR= CONSTR + CONST1 + CONST2
CONSTI = CONST! + CONST4 + CONSTS
CONTINUE
CR{IJKL)s CRCIJKL)s CONSTR
CIClJKL)= CI(IJKL)= CONSTI
CONTINUE
DO 9 K = NF1,NZF1
CONSTR=0,0
CONSTI = 0,0
TUKL = [KL + K
UG 8 L= 1,3
ILe (LI*] ~LJd+L)*LK
JL = O LI*L =LJ+J)eLK
CONST3 = 0,0
CONST6 = 0,40
KIN = K + 1 = NF
DO 30 N = KIN JNF

ILN = JL+N
LJKIN = JL + K + 1 =N
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ARILN=AR(ILN)
BRLJK1zBAR(LJK1IN)
ATILN=AT(ILN)
BILJK1=BAT (LJK1N)
CONST3 = CONSTS+ARILN#BRLJUK1~-AIILN#BILJK1
CONST6 = CONSTO+ARILN«BILJK1+AIILN#BRLJUK1
CONTINUE .
CONSTR = CONSTR + CONST3
CONSTI=CONSTI+CONST6
CICIJKLY==CONSTI]
CR(I1JKL)= = CONSTR
CONTINUYE :
CONTINUE
LJz Ld=1
RETURN
END
SUBROUTINE S1C(AR,AI,CRsCI,ACR,ACI,DR,DIERVEILISLJ,LK:sNF)
IMPLICIT REAL*8(A~H,0-2)
DIMENS]ON CR(250),CI(250),DR(250),D1¢(250),ER(350),E1(350)
DIMENSION AR(125),A1(125),ACR(250),AC1(250)
DSQRT(D)=SQRT (L)
PMAXL1(A,B,CIFAMAXL(A,B,C)
DABS(D)=ABS(D)
DATAN(D)SATAN(D)
PCOS(D)=COS(D)
DEXF(D)=EXP (D)
DLOG(D)=ALOG(D)
DLOGLO(D)=AL0G10(D)
RSINCDI=SINCD)
DCOSH(D)Y=CASH(DL)
DSINA(D)=SINH(D)
CALL SECT1C(BR,BI,CR,Cl,DR,DI,DUM,DUM,FR,FI,LI,LJsLK,NF)
LK IS THE LENGTA OF K

- % e m ow W e W w S B B P W e W W e B e m w ® % oW e ® w o e g w-

LK=3#NF~2
LK2NF = 2#%NF=31
LEKNF = NF

LJsLJ+1
LJ3d=LJ+]
LJi=z LJ=1

DO 5 I=1,L1

DO 5 U= 1,LJl

IJ = (LIxl=LJsJ) LK

1J2 = (Lix]l=LJ+J) ¥ K2NF
DO 45 K=1,NF
AKz K+K=2

JIK= 1 JeK

JJR2 = [J2+K
ERCIJK) = «AK*ACI(1JK2)+DR{[JK2)
EICIJK) = AK~ACR(JJKZ2)+D]I(]1JK2)
ER(IJK)Y==AK#ACI (I JKI*DR(]JK)
EICIJK)Y = AK#ACR(IJK)+«DI(IJK)
CONSTR=0
CONSTI=0
DO 55 L=1,3

IL = (Llw]=LJ*L)*LK2NF
JL = (Lleho| Jed) o KNF

JL o m(LIwl =l Jed) el K

IL s (LivlelJ*L)wlK
GCONST1s0 :
CONST?7=0
NFK=NF =K
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20

25

55

45

47

70
66

JFINFK) 3,3,4

DO 15 N = 1,NFK

JLNLIZIL+N+1

LJKNE | «K+N

CONSTL1=CONSTLI+CRIILNI)*AR(LJKN) «CICILNL)*AT(LJKN)
CONST7s CRCILNL) + AJCLJKN) = CICILNL)~AR(LJKN) + CONSY?
CONT INYE

CONST2%0,0

CONSTB=D

NFL1=NFel

DO 20 Nz 1, NF1

ILKNSIL#K+N

LJINLI=JLsN+1

CONST2=CRCOJLKN) * AR(LJN3) # CICILKN)Y» AI(LJN1) * CONST2
CONST8 = CONSTS = CR{ILKN)» AI(LJN1) » CICILKN)*AR(LJNL)
CONTINUE

CONST3 50

CONST9 =0

DO 25 N=1,K

ILKIN & JL®K+1eN

LJNE JL+N

CONST3 » CONSTI + CR(OILKAN) » AR(LJUN) « CICILKIN) * AJ(LJN)
CONSTO9s CONST9 « CROILKIN) w AJ(LJUN) #» CICILKIN) * AR(LJN)
CONTINYE

CONSTR=CONSTR+ CONST1+CONST2+CONST3

CONSTISCONST?7 + CONSTB + CONST9 «CONST!

CONTINUE

ER(IJK) = ER(IJK)~ CONSTR

EI¢(IJK)= EI(IJK)~ CONSTI

CONTINUE

NFl= NFe+}

NF21 = 2#NFe}]

DO 60 K = NFL,NF21
fJK=TJ+K

JJUK2 = [J2+K

AK & K # K =2

EICIJK) = AK* ACR(IJK2)+DI(1JUK2)}
ER{IJK) = ~AKwAC](IJK2) + DR(IJK2)
EIC(IJKY = AK*ACR(IJK)+DI(IJK)
ERT{IJK) = =AK#«ACI(IJK)«DR(]JK)
CONSTR=0

CONSTI=0

po 65 (=1,3

NNs2#NF=1~-K
IL = (LIxlel Jel )« K2NF
Jb = (LIwbl=lJeJ) e KNF
JLa(Llel~LJdsL) oK
JL =2 (LI*LaLJsJ)*| K
CONST4 0,0
ONST10z=0,
JF(NN)66,66,67
PO 70 N = 1,NN
ILEN=JL+K+N
LJN1 = J.+Ne&1
ONST10==CR(ILKN)* AJ(LJNL) « CICILKN) * ARCLJN1) & ONST1Q
CONST4 = CRCOILKN) « AR(LJNLY « CICILKN) « AI(LJUN1) + CONST4
CONTINUE
CONSTS5=0,0

_ONST11 = 0

DO 80 N=i,NF
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85

40

102

110
101
105

100

[LKINzJL+K+31nN
LJINZJLeN
ONST11 =

ONST11 + CROJLKANI*AT(LJIN)*CICILKAN) wAR(LIN)

CONSTS=CONSTS5+CR(ILKIN) *AR(LUNI=CI(ILKIN)*AI(LJN)

CONTINVE

CONSTR=CONSTR+CONST4+CONSTS
CONSTI=CONST]+« ONST10+ ONST11
CONTINUE

ER(IJK)Y = ER(IJK)
EICIJK) = EICIJK)
CONTINUE

» CONSTR
= CONST]

NF2 = 2«NF

NF328 J#NF=2

PO 100 K=NF2,NF32
JJK=1J+K

1JK2 = 1J2+K
CONSTR = 0
CONST1=0D

PO 105 L=4,3

ILs (IelI=LJel )*|K

JIL 2 (1+L]=eLJeL)® K2NF
JL S(LIsLelJeJ)*LK

JL 2 (LIwl=l JeJ)wLKNF

CONSTé6® 0
ONST12 = 0

NN = Ke2e¢NF o 2
JF(NF~ NN} 101, 102, 102

PO 110 N = NN ,
JLKIN= ]| #+K+leN

LJIN=JL#N

CONSTE = CR(ILKIN) % AR(LJUN) = C

NF

I(
Cl

ONST12 = CROILKIN) ® AI(LUN) o
CONTINUE
CONSTR= CONSTR + CONST6
CONST1 = CONST) +« ONST12
CONTINUE
ER(IJK)® = CONSTR
EItIJK) = = CONSTI]
CONTINUE
CONTINUE
LJ=LJ-1
RETURN
END
SUBROUTINE PRWD(XCOF,M,RO0TR,R0Q0T],COF,

IMPLICIT REAL*8(A=-H,0=-2)

TLKINY » ATCLJN)
CILKIN) o AR(C LJN)

NUM, IER)

DIMENSION XCOF(13),C0F(13),RO0TR(13),R00TI(13)

DSQRT(DY=SART (D)
DMAX1(A,B,CI=AMAXL1(A,B,C)
DABS(D)=ABS(D)
DATANC(D)®=ATAN(L)
DCOS(D)=COStD)
DEXP(D)®EXP (D)
PLOG(D)=ALOG(D)
DLOG10(D)=ALLOGL0(D)
DSIN(D)=SIN(D)
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DCOSH(D)=COSH(L)
DSINH(DY=SINH(D) _
G COMPUTES THE REAL AND COMPLEX RDOTS OF A POLYNOMIAL
IFiT=0 )
NzM=}1
JER=0
IF(XCOF(N+1))10,25,10
10 IF(N)15,15,32
15 1ER=1
20 RETURN
25 1ER=4
GO TO 20
30 lER=2
GO TQ 20
32 1F(N=36) 35,345,330
35 NX=N
NXX=Ne1
N2=1
KJ17 N+1
DO 40 L=1,KJ1
MTs KJi=i+1
40 COF(MT)I=XCOF (L)
45 X0= ,00500101
YOo= ,01000101
IN=0O
50 X=X0
X0s~10,+Y0
YO0s=310,#X
X=X0
Y=YO
INSIN+1
GO TQ 59
55 JF17= 1
XPR=X
YPR=Y
59 ICT= 0
60 Ux= 0,
vy=a,
V=0,
Y7=0,
XT=1,
UsCOF (N+1)
IF(U) 65,130,6>
65 DO 70 [=1.N
LaN«l+1
TEMPs COF(L)
XT2= XaXT=YaYT
YT2= XaYT+YwXT
VEV+TEMP#*YT2
UsU*TEMP«XT2
Flsl
UX=UX+F I #XT*«TEMP
UYsUY=FI*YT+TEMP
XT=xT2
70 YT=YT2
SUMBQ= UX*UX+UYwUY
1F(SymMse) 75,110,75
75 DXz (VHUY=-U#UX)/SUMSQ
X=X+DX
DYs =(U*sUY+V«UX)/SUMSQ
YeY+QY
78 1F(DABS(DY)*DABS(DX)~-1,De07) 100,80,80
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80 ICT=]CT+1
IFCICT»500) 60,.85,85
8% JFCIFITY 100,906,100
980 IF{IN-5) 50.95,95
95 JER=3
RETURN
100 DO 105 L=1,NXX
MTzsKJielL+]1
TEMP=XCOF (MT)
XCOF(MT)=COF (L)
105 COF(L)= TEMP
ITEMP=N
N=NX
NX= I TEMP
IFCIFITY 120,5%,120
110 IFCIFIT) 115.,50,115
115 X=XPR
Y=YPR
120 [FlT= 0
1F(X) 122,125,122
122 1F (DABS(Y/X)~1,E=-05) 135,125,125
125 ALPHA=z= X=#*X
SUMSQe X*X+Y#Y
M=N=2
GO TO 140
130 X=0,
NXz= NXet
NXX= NXX=l
135 Y=0,
SumMsS@=0,
ALPHA=X
N=N=-1
140 COF(2)= COF(2)+ALPHA*COF(1)
1F (N,LT,2) GO TO 155
145 DO 150 L=2,N
150 COF(L+1)=COF(L+1)+ALPHA*COF(L)=SUMSQ#COF(L=1)
155 ROOTI(N2)=Y
ROOTRI(NZ2)s X
N2=N2+1
JF(SUMSQ) 160,165,160
165 IF (N) 20,20,4>
160 Y=-Y
SUMSQ=p
GO TO 155
END
SUBRUUTINE SIMQC(A,N,Y?
IMPLICIT REAL®*B(A=H,0-2)
DIMENSION AC150),Y(15), ICHG(15),5V(15)
DSQRT(D)Y=SQRT (1)
DMAXL(A,B,C)=AMAX1(A,B,C)
DABS(D)=ABS(D)
DATAN(D)=ATANC(D)
DCOS(D)=COS(D)
DEXP{D)sEXP(D)
DLOG(D)=ALOG(D)
DLOGLO(D)Y=ALO0G10(D)
DSIN(D)=SIN(D)
PCUSH(D)=COSH(DL)
DSINH(D)=SINH(D)
SUBROUTINE FOR SOLVING SIMULTANEOUS EQUATIONS USING KROUTS MgTHOD
DO 1000 I=1,N
IT = (I=1)«N+]
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1000

14
15
27

22

17
18

i8
45

44

26

99
101

68

SV(eI)Y = AClL)
[F(SV(]))5,46,5

“YCIIEY(1)/SV(])

DO 16060 J=1i,N

IJ 5 {I=1)eNe+J
ACTJ) = ACSJI/SVLTDD)
CONTINUE
PO 101 K=1,N
KK 7= (K=1)%N+K
AMX=DABS(A(KK))
IMX=K .
DO 15 }=zK,N
IK = (I =1)«N+K
{F(DABS(ACIK))=-AMX) 15,15,14
AMX=DABS(A(IK))
[Mx=1
CONTINUE
IF(AMX)27.,46,2/7
1F(IMX=K)8,9,8
DO 22 J=1,N
KJ = (K=1)*N+
TEMP=A(KJ)
IMXJ =(IMX=1)eNeJ
A(KJ) = A(]IMXJ)
A(IMXJ Y=TEMP
ICHG(K)=]MX
TEMP=Y(K)
Y(K)= Y(IMX)
Y(IMX)=s TEMP
GO 70 10
ICHG(K) =K
A(KK) = 1,/7A(C(KR)
DO 33 J=1,N
1F (J=K) 6,33,6
KJ = (Kel)*N+J
A(KJ) = A(KJI*A(KK)
CONTINUE
Y(K) = Y(K)*=A(KK)
DO 44 I=1,N
IK 2 (I=1)#aN+K
DO 45 J=1,N
1F(I=K)17,44,17
1F(heJ)18,45,14
1J = (I=1)*N+)
KJ = (K=1)#N+ )
AClJ) = ACLJ) =(ACIK)*A(KJ))
ACLsJ)=A(T ) =CA(],K)I*(A(K,J))
CONTINUE
YCI) = Y(I)=A(l,R)*Y(K)
YCO]) = Y(I)eA(IK)*Y(K)
CONT INUE
DO 99 I=1,N
IF(1-K)26,99,26
IK = ([=1)«N+K
ACIK) = «A(IK)Y*A(KK)
CONTINUE
CONT INUE
DO 70 K=1,N
L=N+1=K
KI=ICHG(L)
IF (L=Kl) 68,70,68
DO 69 J=1,N
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c
Y
DY
X
E
U

10

IL = (Ie1)sN+L
TEMF = A(IL)
IKI =(I=1)%N+K|l
ACIL) = ACIKD)
ACIKI) = TEMP
CONTINUE
CONTINUE

DO 1001 I=1,N
DO 1001 J=1,N
ITd = (1=1)+N+J
ACLJ) = ACTJI/ZSVOLD)
CONTINUE

RETURN

N==N

RETURN

END

SUBROUTINE S4(CC,BIGA,AsB+CrXRyX]»UsSI,E,NOKsPI,DYR,DYI,YR,YI])

IMPLICIT REAL#*8(A=H,Q«2)

INTEGER STEP

PIMENSION XR(12),XI(¢12)

DIMENSION A(13),8¢(13),C(13),CC(150),YR(13),Y](13),DYR(13)
DIMENSION DYI(13),X(13),EC(13),BIGA(13),U(13),51(13)
DSQRT(D)=SWRT (W)

DMAX1(A,B,C)=AMAX1(A,B,C)

DABS(D)=ABS(D)

DATAN(D)=ATANC(W)

DCOS(D)=CO0S(D)

DEXP(D)=EXP(D)

DLOG(D)Y=ALUG(D)

DLOG10(D)=AL0G10(D)

DSIN(D)I=SIN(D)

DCOSH(D)=CUOSH(W)

DSINH(D)=SINH(D)}
OGRAM FQOR SETTING UP THE SIMULTANEOUS EQUATIONS

INPUT PARAMETERS

ACI), B(1),C(I) ARE DUMMY STORAGE

MAXIMUM LENGTH 1S5 12 FOR A,B,C

DELTY [S RHE PARAMETER TO BE USED IF DENOMINATOR BECOMES SMALL

C(l) IS THE RETURNED SET OF SUMULTANEQUS EQUATIONS
ARE THE INPUT DETERMINANT VALUES
ARF THE DELTA Y VALUES

15 DUMMY STORAGE OF SIZE t2

(1) IS ETA(W) MAX SIZE IS 12

(1) 1S DUMMY uUuF S]2E 12
XMX=150,
NO1=NO=-1
NK=K#*2
DOS5 N=2,NK,?2
A(NI=SPI*ST(N)
B(N)SP]I*E(N)
CONTINUE
N1sNK+1
NK1=NKe=1
DO 10 N=N1,NO
C(N) = PI=«SI(N)
PO 25 MM=1,NK1,2
XR(MM)z=wPl*YR(MM)
XI(MM)Y=Pl#*#(=YI(MM))
XXR=XR{MM)
XXI=XI(MM)
PO 15 N=1,NK1,2
NN=Nw+]
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BNN=B(NN)+XX]I
XIB=B(NN)=XXI
AASA(NN)
XAA=XXR+AA
XAA=DABS(XAA)
[F(XMX,LT.XAA) GO TO 200
COSHY=DCOSH(XAA)
V(NI ((DSIN(BNN)/(COSHY-DCOS(BNN)}))+(DSIN(XIB)/(COSHY=-DCOS(X[B))))

iv,5
GO TO 15
200 U(NI=D,

15 CONTINUE
DO 20 N=2,NK,2
AA=A(N)
XAA=SXXR+AA
BNN=B(N)
X18=XX]1+BNN
X1BN=XX1+BNN
BNXI=BNN=XXI
XXX=DABS(XAA)
IF (XMX,LT,XXX) GO TO 201
SINHY=DSINH(XAA)
COSHY=DCOSH(XAA)
UCN)S((SINHY/(COSHY=DCOS(XIBN)))*(SINHY/(COSHY=DCOS(BNXI))))*.5
G0 TO 20

201 UIN)sXAA/XXX

20 CONTINUE
DO 21 N=N1,NO
XAASXXR+C(N)
XXX=DABS(XAA)
JF (XMX,LT,.XXX) GO T0O 202
SIMHY=DSINH(XAA)
COSHY=DCOSH(XAA)
GO 70 203

202 UIN)ISXAA/XXX
GO TO 21

203 XIBNSXX]
U(N)=z SINHY/(COSHY=DCOS(X]IBN))

21 CONTINUE
DO 30 N=z1,NO
MN={MM=1)*NGO+N

30 CC(MN)=U(N)

25 CONTINUE
DO 125 MM=2,NK,2
XXR=eP]*YR(MM)
XX]=eP]l+Y](MM)
DO 130 N=1,NK1,2
XAASXXR+A(N+1)
XAA=DABS(XAA)
IF (XMX,LT,XAA) GO TO 204
SINHY=DSINH(XAA)
COSRY=DCOSH(XAA)
BNXIsB(Nel)=XX]
XIBN=s BIN+1)+XX]
UINI=(SINHY/(CUSHY=DCOS(BNXTI))s(SINHY/(COSHY=-DCOS(XIBN))))#*,5
GO TQ 130

204 U(N)Y=0,
BNXI=B(N+1)wXX]
XIBN= B(N+1)+XX]

130 CONTINUE
Do 135 N=2,NK:2
XAASXXR+A(N)
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4]

XAARDABS(XAA)
IF (XMX,LT,XAA) GO TO 205
BNXI®B(N)~XX]
XIBN = B(N)+XX]
COSHY=DCOSH(XAA)
U(N;=(-DSIN(BNXI)/(COSHY-DCOS(BNXI))*DS!N(XIBN)/(COSHY—DCOS(XIBN))
1) =,
GO TO 135
eD5 U(N)=0,
135 . CONTINUE
- DO 140 N=N1,NO.1
XAA=XXR+G(N)
XAA=DABS(XAA)
IF (XMX,LT,XAA) GO TO 206
COSHY=DCOSH(XAA)
UCN)SDSINC(XX]I)Y/Z7(COSHY=DCOS(XX]))
GO0 T0O 140
206 U(N)=0,
140 CONTINUE
C 140 UINI=DSIN(XXI)/(COSHY=-DCOS(XXI))
DO 145 N=1,NO
MN=(MM=1)«NO+N
145 CC(MN) = U(N)
125 CONTINUE
DO 150 MM=N1,NU1
Mz (MM=1)«NO
XXR= =P]l«YR(MM)
DO 155 N= 1,NK1,2
XAA=XXR+A(N+1)
XAA=DABS(XAA)
1F (XMX,LT,XAA) GO TO 207
COSHY=DCOSH(XAA)
MN=M+N
XIB8NsB(N+1)
CC(MN)Y=DSIN(XIBN)/(COSHY=DCOS(XIBN))
GO TO 155
207 MNzMeN
XIBNSB(N+1)
CCI(MN)Y=0,
155 CONTINUF
DO 160 N=2,NK,2
MN=MeN
XAA=XXR+A(N)
XXX=DABS(XAA)
IF (XMX,LT,XXX) GO TO 208
COSHY=DCOSH(XAA)
SINHY=DSINH(XAA)
XIsN=B(N)
CCI(MNI=SINHY/(COSHY=DCOS(XIBN))
GO TO 160
208 CC(MN)ISXAA/XXX
160 CONTINUE
DO 165 NsN1i,NU
MNz=MeN
XAA=(XXR+C(N))w, 5
XXX=DABS(XAA)
IF (XMX,LT,XXX) GO TO 209
CC(MN)=DCOSH(XAA)/DSINH(XAA)
GO TO 165
209 CCIMNI=XAA/XXX
165 CONTINUE
150 CONTINUE
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PO 40 N=3i,NK1,2
MNENQ* (NO=1)*N
MNL= MNe+i
CC(MNL) =],
EC(MN) = D,
40 CONTINUE
DO 70 Ns3NK,NO
MN= NO*NQL+N
780 CC(MN) = ],
00 50 M=1,NK1,2
BIGA(M)=s DYR(M)=~1,
50 BIGA(M+1)= DYI(M)
DO 60 M=Ni,NO1
60 BIGA(M)= DYR(M)~1,
BIGA(NQ) = 0
RETURN
END -
SUBRQUTINE S5A(0UT,AK, IN,K,MORDER,F,PB,PA,PC, ERR)
IMPLICIT REAL*8(A=H,0-2)
INTEGER R21
INTEGER R1
INTEGER R,R2,R22
DIMENS]ION BIGA(13,13),A(13,13),B8(13,13),00(13,13)
DIMENSION BIGAP(13,13,6),BP(13,13,6),CP(13,13,6),AP(13,13,6)
DIMENSION F(13),AC(13)
DIMENS]ION AR(13),AS(13),P(13),Q(13)
DIMENS]ON AK(18),PC(13),PA(13),PB(13)
DSART(D)=SQRT(WL)
DMAX1(A,B,CY=sAMAX1(A,B,C)
DABS(D)=ABS(D)
DATAN(D)Y=ATANC(L)
pcas(p)=Ccos(D)
DEXP{(D)=EXP(D)
DLOG(D)=ALOG(D)
DLOG10(D)=AL0G10(D)}
DSIN(D)=SINC(D)
DCOSH(D)Y=COSH{WL)
DSINH(D)Y=SINH(L)
NP=é
DO 45 M=zi.K
M2z 2*M
M21i=M2=-1
PBMZ = PB(M2)
COSB2M =DCOS(PEM2)
PAMZ2 = PA(M2)
EA2M =zDEXP(~PAM2)
F2M = F(M2)
E2AZM =DEXP(~2,*PAM2)
F2Mi=F (M21)
AR(M) = 2, %wEA2M* (F2M1+«DSIN(PBM2)+F2M«C0OSB2M)
AS(M) = =2, wF2M+E2A2M
P(M) = =2,«EA2M+«C0SB2M
QM) = E2AZM
WRITE(NP,2000)P(M),Q(M),AR(M),AS(M)
45 CONTINUE
Ki1=K+1
DO 10 M=K1,MORUER
M2 = 2*M
M21 = M2=1}
PCM2 = =PC(M2)
ECZM =DEXP(PCM2)
"PCM21 =-PC(M21)
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-~ EC2M1 =DEXP(PCM21)
F2M = F(M2)
F2M1 = F(M23)
AR(M) = 2,%7F2Mi«EC2MI+F2M*EC2M)
CC9 = PCM21+PCM2
c CC9 = =PCM21-PCM2
ECC9 =DEXP{(CC9)
AS(M) = «2,«ECCO*(F2M1+F2M)
P(M) = =(ECZ2M1+EC2M)}
Q(M) = ECC9
' WRITE(NP,20000)M
20000 FORMAT(S5H M = ,15/)
WRITE(NP,2000)P(M),0(M),AR(M),AS(M)
2000 FORMAT(1HOD, /15X, 4HP (M), 15X, 4HO (MY, 15X, 4HR(M), 15X, 4HS(M),/
1 /3X,4G19,6) ,
10 CONT]INUE
NORDER=MORDER*2 +1
NL1= NORDER +1
DO 25 1 = 1,13
P0 25 R = 1,1$
25 A(l,R) = 0,
c ADJUSTED TO AVOlD ZERO INDICES A,1:2) AND A(2,2)
AlZ2,2) = G(1)
A(1,2) = P(1)
R=MORDER
MR2 = 2,*MORDER
MR21= MR2+1
DO % 1 = 1,MR?2
Ki=1

KI1 = KI~1
Kl2= KJ-2
DO 5> R = {,MURDLER
R2 = 2*R
C R22 3 2+R=2+1
c ADJUSTED TO AVOID ZERD INDICES
R22=R2-1

IF(KI2) 1,2,3
BIGA(I,R)= D,
G0 7O 7
BIGA(I,R)= 1.
IF(KI1) 4,6,3
B(i.R)= 0O,
GO TO 3
B([,R)= 1,
1F(KI2,6GT,0) BIGA(],R)=A(K]2,R22)
JF(R]L,6T,0) BCI,RY=A(KIL,R22)
33 C(l.R)= A(KI,R22)
R21 = R2+1
A(KI,R21) = BIGA(],R)*Q(R) + B(Il,R)*P(R) + C(I,R)
CONTINUE
A(3,3) =
A(2,3) =
A(L1,3) =
DO 21 R = 4,R2,2
R1 = Re1l
po 23 I = 1,Re
A(I.R) = A(l,R1)
21 A(]l,R1) = 0
WRITE (NP,300) ((1,J,A(1,J),1=21,13),.J=1,13)
300 FORMAT(1X,2HA(»15,1H,15,2H)=620,6)
c NEXT, DEFINE THE SUCCESS]ON OF MODIFIED TRAINGU{ AR ARRAYS
c AP(I:ZR.H’ I= 102'-.00'2R R=1’20p|pM0RDER.1 H = 1'2‘.Q.HORDER

o O S NN [ ad

N

0,0
0.0
a
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NOTE THE SUCCESSION HALTS AT RsMORDER-1

NORDER=13
po 30 1 = 1, NUORDER
DO 30 R = 1,NORDER

DO 30 M = 1,MORDER
30 AP(I,R,M) = 0,0
po 58 M = 1,MORDER
TMPP=P (M)
TMRPQ=Q (M)
Q(MI=Q(MORDER)
P(M) = P(MORDEK)
AP(2,2,M) = Q(1)
AP(1,2,M) = P(1)
ML1 = MORDER -1
MR2 = 2+MORDER
MR21 = MR2+1
DO 50 I = 1,MR2
Kl=1]
KIi=KI=-1
KI2=K1~2
DO 50 R = 1,ML1
R2 = 2R
R22 = R2-1
IF(KI2)Y 51,52,53
51 BIGAP(l,R,M)= 0,
GO 70 57
52 BIGAP(].R,M)= 1,
57 1F{(K]1) 54,56,53
54 BP(],R,M)= 0,
G0 TO 53
56 BP(Il.,R,M)= 1,
53 IF(K12,GT,0) BIGAP(],R,M)=AP(K]2,R22,M)
JIF(K]1,G6T,0) BP(I,R,M)=AP(KI1,R22,M)
63 CP(1,R,M)= AP(KI,R22,M)
R21 = R2+1
AP(I1,R21,M) = BIGAP(],R,M)*»Q(R)+ BP(],RyMI*P(R) &« CP(]l,R,M)
50 CONTINUE
Q(M) = TMPQ
P(M) = TMPP
58 CONTINUE
- NOW BACK SHIFT
R= MORDER~-1
R2 = 2+R
PO 121 1 = 1.NORDER
DO 121 M=1,MORULER
PO 121 R 7 4,R2,2
R1 = R+1
AP(I,R,M) = AP(I1,R1,M}
121 AP(IaRlaM) = 0
po 122 M=1,MORDER
AP(1,3,M)=0
AP(2,3,M)=0
122 CONT]INUE
400 FORMAT(2X,3HAP(,15,1H,]5,1H,]5,3H)= G20,6)
CONST1 = 0
IF(MORDER~4) 199,200,201
201 IF(MORDER=-6)199,202,199
200 DO 100 M = 1,MURDER
100 CONST1i= CONST1+AR(M)
AC(1) = A{1,8) + CONST1
CONST1 = O
PO 110 M = 1,4
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“E,}.

110 CONST1 = CONST1 + AR(M) * AP(1,6,M) « AS(M)
ACt2) = A(2,8) + CONSTL
DO 1200 MS=3,7
CONSTL » 0
D0 120 M=1,4
MS1 = MSe-}
MS2 = MS=2
~ CONST1 ® CUNST1 + AR(M)WAP(MS1,6,M)+AS(M)}*AP(MS2,6,M)
420 CONT]NUE :
' AC(MS) & A{MS,8) + CONST1
1200 CONTINUE
WRITE (NP,500) (],AC(1),I1=1,8)
500 FORMAT(1HO, 1X,3HAC(,[5, 3H)s ,G20,6)
CONSTL = 0
PO 130 M = 1,4
CONST1 = CONST1 + AS(M)*AP(6,6,M)
130 CONTINUE
AC(8) = A(8,8) + CONST1
AK1 =DEXP(=PC(9))
AKD 5 2,%#F(9)wAK1
AK(1) = AC(1) ~AK1+AKD
PO 150 MS= 2,8
MS1 = MS~-1
AK(MS) =AC(MS) =-AK1*AC(MS1) + AKO+*A(MS1,8)
%0 GONTINUE
AK(9) = AKOD * A(8,8) = AK1 « AC(8)
550 FORMAT(3X,//,3%x4HAK0=,G20,6,5X,4HAK1=,620.6/)
650 FORMAT(iH ,»1X,7/,2X,4HAK( ,]5,3H)T G20,6)
WRITE(NP,650)( I1,AK(]) ,1=1,9)
1ERR=D
RETURN
202 CONST1L = 0
DO 205 M=1,MURUDER
CONST1 = CONST1 + AR(M)
205 CONTINUE
AK(1) = A(1,12) + CONSTY
CONSTL = 0
DO 210 M = 1, MORDER
CONST1 = CONST1 + AR(M)#AP(1,10,M)+AS(M)
210 CONTINUE
AK(2) = A(2,12) + CONST1
DO 215 MS=3,11
MS1 = MS-1
MS2 = MS~-2
CONST1 = 0
DO 212 M= 1,MOKDER
CONST1 = CONSTL + AR(M)®AP(MS1,10,M)+AS(M)*AP(MS2,10,M)
212 CONTINUE
AK(MS) = A(MS,12) + CONST1
215 CONTINUE
CONSTL = 0
DO 220 Mz1,MORULER
CONSTY1 = CONSTL + AS(M) * AP(1G,10,M)
220 CONTINUE '
AK(12) = A(12,12) + CONST1
WRITE(NP,650) (1,AK(]) ,1=1,12)
{ERR=z 0
RETURN
199 JERR=MORDER
RETURN
END
SUBKROUTINE TEA(NO,NP,ROOTR,ROOTI,XI,ETA)
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14
50
51

52
53

10
40

35

30
15

IMPLICIT REAL*B(A~H,0=~2)

DIMENSION ROOTR(13),RO0TJ(13),X1(13),ETA(L3)
OSQRT(D)=SQRT(L)
DHAXI(A,BaCIBAMAXL(ALB,C)
DABS{D)=ABS(D)

DATAN(D)=ATAN(D)

DCOS(D)=COS(D)

DEXP(D)=EXP(D)

DLOGID)=ALOG(D)

DLOGLO(D)ZALOGLO(D)

PSIN(D)ESIN(D)

DCOSH(D)=COSH (D)

DSINH(D)SSINH(W)

Pl = 3,1415926

PITWO = PI/2,

Pl2 = 2,*P]

PIONE 8 1.,/P]

PINVS1,/PI2

DO 15 [=1,NO

SAS = ROOTR(])*ROOTR{])+ROQTIC(I)I*ROOTI(I)
XI¢I) 8 ~PINV*DLOG(SQRS)
[F{ROQOTR(J))14,50,14
GAMMASDATAN(ROUTI(I)/ROOTR(I))
ETA(]) = GAMMA

IF(ROOTR(])) 10,50,15

IF(RQOTI(I)) 51.52,53

ETA(]) ==PITwWO

GO TQ 15

K=K

ETA(]) = PITWO

GO TO 15

JF(ROOTI(})) 3U,40,35

ETA(]) = 3,1415926

Go 70 1%

ETA(I) = ETA(]) + PI

GO TO 15

ETACI)=ETA(I)=P]

ETAC]) = =PIONE*ETAC(])

RETURN

END

SUBRQUTINE S6(0UT,SS, IN,K,KHAT,NP)
IMPLICIT REAL*8(A=H,0-2)

DIMENS]ON K(12),KHAT(12),S(12),585(12)
SUBROUTINE FOR UETERMINING THE COMMON POLYNOMIAL COEFFICIENTS
REAL KHAT,K

REAL KHATL,KHAT2,XKHAT3,KHAT4,KHATS ,KHATH,KHAT7 ,KHATS
1, KHATO,KHAT10,KHAT11,KHATL2,
1 KisK2,K3,K4,K5,K6,K7,KB8,K9,K10,K11,MU1,MU1SQ, MUMU,
2 L4,L3,L5,MU3,MU2,MUU,MULU,K12,MU250
DSQRT(D)ISSQART (L)
DMAX1(A,B,C)=AMAX1(A,B,C)
DABS(D)=ABS(D)

DATAN(D)=ATAN(D)

pCoS(D)=CcoS(

DEXP(D)=EXP(D)

DLOG(D)=ALOG(D)

DLOGLO(D)I=ALOGLO(D)

DSIN(D)=SIN{D)

DCOSH(D)=®CUSH(D)

DSINH(D)SSINH(D)

NP=6

KHAT1= KHAT(1)
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St 1

1002
15

KHAT2=KHAT(2)
KHAT3 = KHAT(3)
KHAT4 5 KHAT(4)
KHATS5=KHAT(5)
KHAT62KHAT(6)
KHAT7=KHAT(7)
KHAT8zKHAT(8)
KHAT9=KHAT(9)
KHAT102KHAT (10)
KHAT11= KHAT(11)
KHAT123KHAT (12)

Kis K(1)
K2s K(2)
K3 = K(3)
K4 = K(4)
K5 = K(5)
K6 = K(6)
K7 = K(7)
K8=K(8)
K9 = K(9)

MUL = K9 / KHAT12

MU2 = (KB=KHAT11#MU1)/KHAT12

MU25QU=MU2*MU2

MU3 = (K7-KHAT10%wMU1=KHAT11¢MU2)/KHATL2
MU1SQ = MUl = MUL

MUMU = MU2/MU15Q

MUUU = MU25Q/MU1SQ = MU3/MU1

H11 * KHATL = K1
Hi0 = KHAT2 = K2
L4 = H10 ~K1l+H1l
All = K7 +K4/MUL1 =K5*MUMU +(K6/MUL)*MUUU~KHAT?
Al2 s K/7%#H11 + K8 + K5/MUl - K6*xMUMU = KHATS
L5 = Hi1l
L3 = KHAT3 « K3 =~K1+H10 + H11l*(KisK1l - K2)
ALl3 = K7#(H10~K1+H11) + K8+H11 + K9 + K&/MUL = KHAT9
A21 = K5 ® K2/MUL = K3I*MUMU +K4*MUUU/MUL =KHATS
A22 = Ko*H11l + K6 + K3/MUL = K4xMUMU - KHAT6
A23 3 KS2(H10-K1+H11)+K6*H11+K7+K4/MULeKHAT?Y
A31 = K3 ¢ 1/MUL = KLiwMUMUs(K2+MUUU)/MUL » KHATS3
A32 = KSwH11l + K4 + K1/MUL - K2+MUMU~- KHAT4
A33 = K3« (H10~K1*H11) + K4+H11 + K5 + K2/MU1l = KHATS
B1 = KHAT10 =K7#L3 - K8 ®» L4 -~ K9sL5
B2 = KHATB=-KB=KS*_ 3=-K6*_4~K7¢|5
B3 = KHATH6 = K6 = K3%L.3 » Kdx 4 » K5+L5

FROM CRAMERS RULE..,,
D1 = DELTAL/D. D2 = DELTA2/D, D3 = DELTA3/D
A2233 = A22#A38 = A32 * A23
A1233 = A12%A3S = A32%A13
41223 = A12+A23 ~ A22 %Al3
D 5 A11+#A2233 = A21+%A1233 + A31#A1223
IF(D) 15,5,15
FORMAT(1H1,46H~**DENOMINATOR D FOR CRAMERS RULE 1S ZERO EOJ
WRITE(NP,4002)
CONT[NVE
DELTAL = B1#A2233 « B2+A1233 + B3I %A1223
A2133 = A21%A3S = A31#A23
A1133 = A11+A33 - A31«A13
A1123 A11%wA23 =~ A21#AL3
DELTA2 = *B1%#A2133 « B2 *+ A1133 « B3 *A1123

A2132 = A21+%A32 = A31«A22
A1132 = A1l ® A32 » AJ1%A12
A1122 = A3L*A22 =~ A21vA12
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c.

[
c

DELTA3 = Bl #A2132 = B2%A1132 + B3 *A1122
D1 = DELTAL/D
D2 DELTA2/D
D3 DELTA3/D

THE CQEFFICIENTS THEN ARE GIVEN BY ,,.

SS(1)=K1-D3

§S(2) = K2=D2-U3*SS5(1)

§$5(3) = K3=~D1-0U2#SS(1)~D3#S53(2)

§S(4)=K4 =~ D31+55(1) = D2 +SS(2)-DP3I*55(3)

§8(5) =2 K5 = DN1*3S(2) =~ D2+5S(3)=D3J *SS(4)

8S(6) = K6 =D1#55(3)«N2+SS(4)=D3#55(5)

RETURN

END

SUBRQUTINE PAT(A,B,)X+sZsX9,%X12,X6,D,E,E9,E12,E6,G,MU,NF,RR9,R]9,
1 RR12,RI112,RR6,RI6,ND9,ND12,Y9,Y12,P{ROLD,PIRNEW,PII0LD,PIINEN,
2 S»T.NDI9,NDIL2,YI0,Y112)

IMPLICIT REAL#8(A-H,0~2)

REAL MU

SUBROUTINE FOR THE GENERAT]ON OF THE SUMMARY TABLES FOR THE NASA F|

DIMENS]ON 5(8,14), T(11,14)
DIMENSION A(B,14),B(11,14)

DIMENSION NDI12C13),P1]OLD(L3),PIINEW(13),NDIOC10),Y]9(10)
DIMENSION Y112(13),PIROLD(13),PIRNENW(13),X9(13),X12(13),X6(7)
DIMENSION D(013),E9(013),E12(013),E6(013),RR9(13),R19(13)

DIMENSION RR12(43),RI12(13),RR6(7),RI6(7),Y9(10),EC013),X(013)

DIMENSJON Z(013),ND9(10),ND12¢(13),Y12(13)

DSGRT(D)=SQRT (D)

DMAX1(A,B,C)sAMAX1(A,B.C)

DABS(D)=ABS(D)

DATAN(D)=ATAN(D)

DCOS(D)=COS(D)

DEXP(D)=EXP(D)

DLOG(D)=ALOG(D)

DLOG10{(D)=AL 0G10(D)

RDSIN(DIESIN(D)

DCOSH(D)=COSH(L)

DSINH(D)=SINH(D)

ND=6

NP=6

WRITE(NP,50) NF, (XCI)DED A YO N YIS ,U=1,9), (Z(J4),
1 E(J),Y12(4),Yi12(J ),Jd=s1,12)

WRITE(NP,54)

Do 25 J = 1,8

L 2 NDQ(J)

L=3

WRITE(ND.51) YUY sA{JaLe1) 0 AC,L=2),ALJ,L=1),ACJ,L).NDOCY)Y ,
1 PIRNEW(J)

WRITE(ND,551) YI9CJ),S5(J,L#*1),5(J,Le2),50J,L"21):SCJLL),NDOCY)
1 PIINEW(J)

25 CONTINUE
54 FORMAT(55X,24HNINTH ORDER SYSTEM /)
55 FORMAT(55X,24HTWELFTH ORDER SYSTEM /)

WRITE{NP,55)
DO 20 M=1,11
L=ND12 (M)
L=3
JMBz M
WRITE(ND,S1)Y12(JMB)B(JMB, +1),B(JMB,L=2),B(JUMB,L =1,
1 B(JMB,L),ND12(M) ,PJROLD(JM8)
WRITE(ND,553)Y112(JMB)Y, T(JMB,L+1),T(JUMB,L=2),T(IMB,L=1),
1T(JM8, 1), ND12(M) ,PLI]OLD(JMB)

20 CONTINUE
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HRITE(NP.53) (X9CJ),EPCIISRRI(JINRIV(J ), JB1,9),5( X42C¢J),E12¢J),
1RR12(J),RI12(J) ,J81,12), (X6¢J)1564J).RRA4J
?0 FDRMAT(iHinSBK:S5HSTA¥ILJTY OF DYNAMIG=S

IMETERS = L
S /49X 40K - . T , o B
3/55X,7H : /55X 7H /55X, 7H NF = 15/
452X040HS{NGULAR!T!ES AND EVALUATION POINTS /

8 SOXQW' X1 . ETA -

2. YI» B

6NTH ORDER SYSTEM- /930X, 4520 a/)lsaxftTHELF$ﬂzﬁ&5 z ==
S AF12(30X,4G20,87)/60X, 1BHDETERM1NANT VALUES: L e

B745X ;1MY, 1ax,7HD. EST,14X,7HDELTA 1;14X, 7HDELTA 2

6 14X, 7HDELTA 3.10X, 7HND MAX 10H P /)
st FORNAT(iX.*REALt5GZO.8;112,!10 B
551 FTORMAT(LXswIMAGHS520,8,2X,110, Plu 5)
M2 -FORMAT(1X, 56208 ,2X, 115, F10,5) ° :

B3, FORHAT('i*/55X:2tHCHARACTERlSIlB~¥ALU£S # AN
2 /719X, 2HX1,19X, SHETA, 9X, 18HREAL PART oF ROOT L 3X,
4 19H]MAG, PART Of ROOT /2 9(10X,4G20,8/),

3/,55X,24HTWELFTH ORDER SYSTEM. . . . .
47 /19X, 2HX¥719X:3HETA9X;15HRGAL PART QF nnar .sx;
S19HIMAG, PART OF ROOT: o JiZ(lDX;dG?D. /.

‘6#55% 5 2AHS | XTH- ORBER SYSTEH = RRCEE
T/719%,2HX1, 19x.3HETA9x.18HREAL PART oF. ROOT 3%,
819HIMAG, PART OF ROOT /6(10X 4G20,87), /1H1>
RETURN o o

END- ;T_;.;5-#jx

I

These programs also use the standard IBM subroutine
DPRQD, as given in IBM System /360 Scientific Subroutine
Package (360A-CM-03X) Version IIT Programmer's Manual,
IBM publication H20-0205-3, Fourth Edition.
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9876

9873
9874

PROGRAM TO COMPUTE A'S AND B'S.

"REAL  MU,MB KM, MT,MODFR,MBAR
REAL*B MU,MByKM,MT,MODFR,MBAR

INTEGER 0OUT . ‘

‘DIMENSION AR(343,12),A1(3,3,12)4BR(3,3,12),81(3,3,12)

DIMENSION XIBARO(17): '

DIMENSION IBARA{17),CBAR(17),PSI(17)

DIMENSION MODFR(3) _

DIMENSION PHI(17)XLBARZ(17),MBAR(17),EBAR(LT)

"COMMON COSAS,COSQAS,RMUSQsMU,AS,CT4CTSQsSINAS,SINETA,RMUMNWB,

1 XMUCSE,SINZA,COSZA,RMUCSA

COMMON /A1/ TERM{S0),ANU(17,3),AW{17,3) APHI(17,3),ATH(17,3),
1 APSI(17,3) )

COMMON /A2/ CIJRsCIJIZDIJR,DIJIFAC,NFTH

COMMON /A4/ IN,OUT MB,R,KMsMT,MODFRyNR,NF, XIBARO,CBARy ZBARA,
1 PHI,XLBARZ,MBAR,EBAR,PI,ETA,ETAL

COMMON /AS5/ XBAR{17)

COMMON 7A67 TX(1T7924,16) 4NSH

FORMAT {*1*'/(* *409G12.4}}

IN=5

IN1=5

IN2=5

ouT=6

NSW=0

FORMAT (10(D10.7/1),2(15/))

READ (INy1) MU,AS,MB,CT,RyKMyMT,MODFRyNRsNF

AS=AS*.,0174532

READ {IN1,9874) (I,XBAR(I),MBAR(I),XIBARO(I),CBAR{I),EBAR{TI),
1 XLBARZ{I),ZBARAU(I}PHI(1)+4=14NR)

READ (IN2,9874) (I,ANU(I41),ANU(T,2)ANU(T,3),AW(I,1),
1 AW(T+2) s AW(T43),APHI(I 21} 4APHI(I,2),J=14NR)

READ (IN2,9874) (I1+APHI(T,3)4ATH(T 1) 4ATH(I,2),ATH(I,3),

1 APSE(Iy1)4APSI{I4+2)4,APSI(I,3)9XsJ=1,NR)
READ (IN2,9873) ((APHI(I,J) ANU(TI+J)ATH{T+J),I=1,NR)sJ=1,3)
FORMAT (9XyE9+4391XyE9e341XyE9.3)

FORMAT {(6Xy12,8E8.7)
DO 5 I=1,NR
ANU(T,1)}=ANULI,1)/R
ANU{(I,2)=ANU(I,2)/R
ANUI(I,3)=ANUlI+3)/R
PHI(I)=PHI(I)*,0174532

PI=3.141592
COSAS= COS(AS)

COSQAS=COSAS*COSAS
SINAS= SIN(AS)

CTSE=CT*CT
RMUCSA=MU*COSAS
RMUSQ=MU*MY
RMUSNA=MU%*SINAS
RMUCA4=RMUCSA*RMUCSA
RMUCA4=RMUCA4*RMUCA4
IF (CT) 6,746
WBARI= SQRT(.5%( SQRT(RMUCA4+4CTSQ)-RMUSQ*COSCAS))
GO TO 8
WBARI=0.

RMUMWB=RMUSNA-WBARI
ETA=PI/NF
RSQ=R*R
NFTW=2%NF
XMMBRQ=—MB*RSQ/NF
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TWMBRQ= 2.%(—XMMBRQ)
WRITE (0OUT,9876) MU, ASsMBsCTsR,KM,MT,MODFRyNRyNF
WRITE (0OUT,9876} (I,XBAR(I) MBAR(I) XIBARO(I),CBAR(I),EBARII]),
1 XLBARZ{1),ZBARA{I)4sPHI{1},1=14NR}
WRITE (0OUT,9876) {IJANUCT 1) 4ANU(T 92) +ANU{T43) 9 AW(I,41},
1 AW(T 42 9AW(T43) APHI(I,1),APHI(I,2),I=1,NR}
WRITE (0OUT,9876) (I'APHI(I’3)1ATH(Iv1)vATH(IvZ)vATH(Iv3)1
1 APSI(I,1),APSI(I,2)sAPSI{T,43),XsI=14NR)
DO 100 I=1,3
FOURWQ=4.,%MODFR{I)*MODFR{(I)
p0 100 J=1,3
DO 100 K=1,NF
FAC=ETAX{K~1]}
CALL CDIJ (IsJ4K)
AR(I,JysKI=XMMBRA*BIJR
AT(I4JsK)==XMMBRQ*DIJI
BI(I,J,K)= TWMBRQ*CIJI
IF (K.EQ.1.AND.J.EQ.I)} GO TO 10
BR{IyJyK)I=—THWMBRQ*CIJR
GO TO 100
10 BR{IyJsK)=FOURWQ-TWMBRQ*CIJR
100 CONTINUE
DO 200 I=1,3
PO 200 J=1,3
D3 200 K=1,NF
ARR=AR(1I,J,K)
AII=AT(I,J,4K)
BRR=BR(1,4J,4K)}
BII=BI(I,J+K)}
WRITE (8) 1,J9KsARR,AIT,4BRR,BII
WRITE (719779).ARR’A1118RR1BII
9779 FORMAT(4E14.7)
200 WRITE (6,9875) I’J’K,AR(I’J’K)1AI(I!J1K)1BR(IQJ1K”BI(I,J1K)
9875 FORMAT (*0t'/(t* ¢, I5¢1Xe1551X3I594X9612.591X9G12.5)
1 1XyG12.591X+G1l245}1}
END FILE 8
STOP
END
SUBROUTINE CDIJ (LeK¢M}
IMPLICIT REAL*8(A-H,0-2)
REAL*8 MUyMByKMyMTyMODFR,MBAR
REAL MU,MB4sKM4 MT o MODFR,MBAR
INTEGER OUT
DIMENSION XIBARQ(17) ;
DIMENSION ZBARA(17),CBAR(17)+PSI(1T)
DIMENSTON MODFR{3) )
DIMENSION PHI(17),XLBARZ(17)sMBAR(1T)EBAR(1T7)
DIMENSION XINTER(17)+XINTRIC(17),2(17)
COMMON /Al/ TERM(S50) yANUC1743),AW(17+3) yAPHI(17+3)5ATH(17,+3),
1 APSI{(17,3) '
COMMON /A2/ CIJR.CIJIDIJR,DIJTFACNFTH
COMMON /A4/ INsOUT sMByR o KMy MTy MODFRyNRsNF XIBARO+CBAR,ZBARA,
1 PHI,XLBARZ,MBAR,EBAR,PILZETA,ETAL
COMMON /AS5/ XBAR(17)
COMMON /A6/7 TX(17:24+16) 4NSK
ClJIR=0.0
ClJI=0.0
DIJR=0.,0
DIJI=0.0
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c
c
c
C

DO 200 J=1,NFTHW
XAC=J-1
ETAL=ETA*XAC
XAC=FAC*XAC
SINFAC= SIN(XAC)
COSFAC= COS{XAC)
DO 100 I=1,4NR
IF {NSWH.NE.Q) GO TO 50
CALL VECTOR (1)
TX (I4d,1) =TERM{2)
TX (14J22) =TERM(3)
TX (1,J+3) =TERM(4)
TX (I,J94) =TERM(5)
TX {(1,J+5) =TERM(6)
TX (1,Je6) =TERM(8)
TX (1,J+7) =TERM(9)
TX (I1,448) =TERM({10)
TX (1,J,9) =TERM{11)
TX (I14J+10)=TERM(12)
TX (I144511)=TERM{29)}
TX (1,J412)=TERM(39)
TX (I,J+13)=TERM(40)
TX (14J4+14)=TERM(42)
TX (1,J315)=TERM(43)
TX (I4J416)=TERM(44)
9876 FORMAT (' /(' ',10G12.4))
XINTER(IDI=ANUC(IyL)=XMUNU{T 4KI+AW{T L) EXMUWI(T 4K)+APHTI(T,L)*
1 XMUPHJ(IK)+APSTI(TI,L¥%=XMUPSTI(],K)
50 XINTER(I)=ANU{I,L)¥XMUNU(I»JsK}+APHI(I,L)* XMUPHJI(TI,JyK)
100 XINTRIL{I)=ANUCT,LY*XLMBNU{TI K)+AW(T ,L)%=XLAMHI(IK)+APHI(T,L)}*
1 XLMPHJUIZKY+APSI{I,LL)*XLMPSJLI,LK)
100 XINTRI(IDN=ANU{ISL)EXIMBNU(T 3 JyK}+APHI(I  L)%EXLMPHJI(Y yJ4K)
NRPTS=NR
CALL QTFG (XINTER,Z,NRPTS)
CIJI=SINFAC*Z(NR)+CIJI
IF (M.,EQ.l1.AND.L.EQ.K) GO T0.120
CIJR=CIJR+COSFAC*Z(NR) ’
GO TO 150
120 CIJR=CTIJR+Z(NR)
150 CALL QTFG(XINTR1,Z,sNRPTS)
DIJI=SINFAC*Z{(NR}+DIJI
200 DIJR=COSFAC*Z{NR)}+DIJR
NSHW=1
RETURN
END
SUBROUTINE VECTOR (1)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 MU,MB,KM,MT,MODFR,MBAR
REAL MU, MB, KM, MT, MODFR+MBAR
INTEGER 0OUT
DIMENSION XIBARGO(17)
DIMENSION ZBARA(1T7)3CBAR(17),PSI{(17)
DIMENSION MODFR(3)
DIMENSION PHI{17),XLBARZ(17),MBAR{17),EBAR{17)
COMMON COSAS,COSQAS+RMUSQsMUJAS,CTsCTSQ,SINAS,SINETA,RMUMUB,
1 XMUCSE,SINZA,COSZA,RMUCSA
COMMON /7A1/ TERM{50) ANU(17+3),AW(17,3)APHI(17,43),ATH(17,3),
1 APSI(17,3)
COMMON /A4/ IN,OUT,MB+RsKM,MT,MODFR,NR,NF, XTIBARO,CBAR, ZBARA,
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1 PHIyXLBARZ,MBAR,EBAR4sPIETALL,ETA

COMMON /AS5/ XBAR(17)}

9876 FORMAT ('0'4G15.7})

COSETA= COS({ETA)

SINETA= SIN(ETA}

AQ=PHI(I)+ZA(ETA,I)
XBMSEA=XBAR{I)+MU*SINETA

CALL SERIES (I,J,NCODE,MT,XBMSEA,V,A0,CL,ASLOP,CM,CD,CMA,CDA}
SINAC= SIN(AQ)

COSAn= COS(AQ)

CLCDA=CL-CDA

CDCLA=CD+ASLOP

SIGD=CLCDA=*S INADO-CDCLA*CQOSAD
SIGL=CL*COSAO+CD*SINAO

V0= SCRT{RMUMWB*RMUMWB+XMUC SE*XMUCSE)
GAML=CLCDA*COSAN+CDCLAX*SINAO
GAMD=CL*STNAO-CO*COSAQ
DELTA=CBAR{I)*CM-ZBARA(I}*CL
DELTAP=CBAR(I}*CMA-ZBARA(I)*ASLOP
PICBAR=PI*CBAR(I)

SIGL2=2.%SIGL

ZBAMLZ=ZBARA{T)-XLBARZ(1)
COSASE=COSAS*COSETA

VOKM=KM*VQ

OCKV=CBAR(T }#VOKM

TERM(10)=45%0CKV

TERM(1}=TERM{10)*V0O

TERM{2)=TERM{1)*SIGD

TERM{3)}= COS{PHI(I})

TERM{4)= SIN(PHI(I))}
TERM({S5)=STGD*(MU*COSZA*COSASE-ZBAMLZ*COSAD) +SIGL2*(ZBAMLZ*
1 SINAD-MU*SINZA*COSASE)+PICBAR/2.*COSAQ
TERM{6)=—2.%MBAR(I)*EBAR(I)*TERM(4)
TERM{7)=PI/4.%0CKV
TERM({B)=TERM{7}*COSAOXCBAR{I)
TERM(9)I=TERM(10)*(SIGD*COSAO-SIGL2*SINAQ)
TERM{11)=ZBARA(I)}
TERM(12)=TERM(10)%(SIGD*SINAC+SIGL2*COSAD)
TERM(13)=TERM(1)*GAML

TERM{14)=MU*COSASE
TERM{15)}=TERM(14)}*COSZA
TERM(16)=ZBAMLZ*COSAD
TERM(17)=TERM(15)-TERM(16)
TERM(18)=GAML*TERM(17)
TERM{19)=TERM(14)=*SINZA
TERM(20)=ZBAMLZ*SINAO
TERM(21)=2.0%CGAMD*{TERM(19)-TERM(20})
TERM(22)=PI/2.0%CBAR(I)
TERM({23)=TERM{22)*SINAD
TERM{24)=TERM{18)+TERM{21)-TERM(23}
TERM(25)=2.0%MBAR{I)*EBARI(I)
TERM(26)=—-TERM{25)*TERM(3)
TERM{27)=0CKV*CBAR(I)*PI/4.0
TERM(28)=TERM{2T7)*SINAD
TERM{29)=TER¥{27)*ZBARA(I)
TERM(30)=TERM(10)*{GANL*COSAD+2.*GAMD*SINAQG)
TERM(31)I=TERM(10)*(—-GAML*SINAO+2.*GAMD*COSAO}
TERM{32)=2.0%DELTA

TERM{33)=DELTAP*COSZA
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TERM(34)=TERM(32)%SINZA
TERM(35)=DELTAP*COSAD

TERM{36)=TERM(32)*SINAC

TERM{37)=TERM{33)+TERM(34)

TERM(38)=TERM{35)+TERM( 36)

TERM(39)=TERM{1)*DELTAP

TERM{40)=TERM{10)%{ TERM(14)*TERM(37)-ZBAMLZ*TERM{38) +TERM{22)*
1 ZBARA(I)) ’
TERM(41)=2.0%XTBARG(I)

TERM{42)=TERM{41)*TERM( 4)

TERM(43)=TERM{10)*TERM(38)
TERM{44)=TERM(10)* (-DEL TAP*SINAD+TERM(32) *C0SAO)

RETURN

END

SUBROUTINE QTFG (Y,Z,NDIM)

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION Y(1),Z(1)

COMMON /A5/7 X{1T)

INTEGRATION BY GENERAL TRAPEZOIDAL RULE

SUM2=0.

IF (NDIM-1) 4,3,1

DO 2 I=2,NDIM

SUM1=SUM2
SUM2Z2=SUM2+0. S {X{TI)-X{(I-1))1%{(Y(TI)+Y(I-1))
Z(I-1)=SuMl

Z{NDIM)=SUM2

RETURN

END

FUNCTION ZA(ETA,T)

IMPLICIT REAL*8(A-H,0-7)

REAL*8 MU,MB,KM,MT,MODFR,MBAR

REAL MU, MB, KM, ¥T, MOCDFR s MBAR

COMMON COSAS,COSQAS,yRMUSQ,MUsAS,CTsCTSQsSINAS,SINETA,RMUMHWB,
1 XMUCSE,ySINZA,COSZA,RMUCSA

COMMGN /AS/ XBAR({17)

XMUCSE=XBAR(I }+RMUCSA*SINETA

IF {(RMUMWB.EQ.D..AND.XMUCSE.EQ.0.) 60O TO 2
ZA= ATANZ2{RMUMWB,XMUCSE} .

GO TO 3

ZA =0.

SINZA= SIN(ZA)}
COSZA= COS(zAa)
RETURN

END

FUNCTION XMUNU (I,J.L)

IMPLICIT REAL*8(A-H,0-2)

COMMON /AL/ TERMIU50)  ANU{17,3)4AW(17+3)4APHI(17+3),ATH(17,3),
1 APSI(17,3)

COMMON 7A6/ TX{17924,16) +NSHW

XMUNU=TX(I 3Js 1) FAPHI (T4 L} +TX{T9JsB8IX{TX(T,J,2)*ATH{T,L)+
1 TX(I,393)%APSI(I,L))I*TX(I,Jd94)

RETURN

END

FUNCTION XLMBNU (I,J.0)

IMPLICIT REAL#*#8(A~H,0-2)}

COMMON /A1/ TERM{S50),ANU(1743),AW{174+3},APHI(17,3),ATH(17,3},
1 APSI(17,3)

62




QAOOOOOO0OOO

180

172
173

182
183

184
181

COMMON 7A67 TX{17924,16),NSY
XLMBNU=TX(T3J¢S)¥APSI{IyL)=TFX{IyJs6)RAPHI(T L) +TX(I 4J,7)%*
1 (TX(14J+9)%APHI(T,L)+ANUCT, L} )-TX(I,J,103%AU(T,L)

RETURN

END

FUNCTION XMUPEJ (I,J,.L)

I“PLICIT REAL*8(A-H,0-Z)

COMMON A1/ TERM(50) ,ANU{17,3),AW{17,3),APHI(17,3),ATH{17,3),
1 APSI{17,3)

COMMON /Ah/ TX(17+244+16)4NSU

XMUPHI=TX(T4Jy 12} %APHI(I 4 L) +TX{T4Js13 )% (ATH{THyL)FTX{IsJ,2)+
TAPST(I,L)*TX(I,J,3))

PETURN

END

FUNCTION XLMPHJ (1,J,L)

IMPLICIT REAL#*B{A-H,0-Z)

COMMON /Al/ TERMUS50)4sANU{1743)sAW{17+3)yAPHI(17+3),ATHI17+3),
1 APSI(17,3)

COMMON /A6/ TX{17924416) 4NSY
XLMPHI=TX{I1,J914)%APSI{IL)-TX(T4Js11)*%APHI(I,L)+TX(I,J,15)%
1 (TX{T9Js9)*APHI(T L) +ANULT,LI)I+TX{T4d416}1%AK{T,L)

RETURN

END

SUBROUTINE SERIES{I,dJ,NCODE,EMT,U,V,APHIJ,CLIFT,ASLOP,CMOME,CDRAG,
1 CMA,CDA)

IMPLICTIT REAL*8{A-H,0-Z)

SUBROUTINE TO COMPUTE CLIFT=LIFT COEFFICIENT

ASLOP=LIFT CURVE SLOPE
CMOME=MOMENT COEFFICTENT
CDRAG=DRAG COEFFICIENT

CDA=0.
CMA=0.
CLIFT=0.
ASLOP=0.
CMOME=0.,
CDRAG=0.

TUPI=2.%2,1415926

IF (APHIJ.LT.—-TWPI) STOP 100

IF (APHIJ.GT.2.%341415926) STOP 101
NEG=1

EMTJ=EMT* ABS(U)

SQT= SQRT(1.—EMIJ*EMIJ)
Cl=1.-EMIJ

C2=.22689%C1

IF (APHIJ+3.1415926) 173,181,182
APHIJ=APHIJ+3.1415926%2,

GO TO 186

IF{APHIJ-3.1415526) 184,186,183
APHIJ=APHIJ-3.1415926%2,

GO 70 181

IF(APHIJ) 181,186,186
APHIJ=-APHIJ
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186
185

187
189

191
193

195
197

199

200

210

240

250
255

NEG=-

IF(APHIJ-C2) 185,187,187

ASLOP=5,7296&/SQT

CLIFT=ASLOP*APHIJ

CDRAG=.006+.,12131%APHIJ*APHIJ

CMOME=1.4324%APHIJ/SQT

CDA=,26262%*APHIJ

CMA=1.4324/5QT

GO TO 250

IF(APHIJ-.34906) 189,191,191

CLIFT=.29269%C1l+(1.3*EMIJ-.59)}*APHI J

CMOME=CLIFT/{SQT*(.48868+.90756%*EMIJ})

C2={.12217+.,22689*%EMIJ)*SQT

CLIFT=CLIFT/C2

ASLOP={1,3*%EMIJ-.59})/C2

CMA=(1.3%EMIJ-e59)/({.48868+.S0756%EMIJ)*SQT]}

GO 7O 210

IF{APHTJ-2.7402) 193,195,195

S= SIN{APHIJ}

$2= SIN(2.*APHIJ)

S3= SIN{(3.*%APHIJ)

S4= SIN{4.*APHIJ)

CLIFT={.080373%5+1.04308%52-.,011059%53+,023127%54)/SQT

CMOME={-.02827%5+,14022%S2—-.00622%53+.01012%S4)/5QT

C= COS({APHIJ)

C2= COS{2.*APHIJ)

C3= COS(3.*APHIJ)

C4= COS{4.*APHIJ)

ASLOP=(.080373%C+2.08616%C2-.033177*%C3+.,092508%C4)/SQT

CDRAG=(1.1233-.029894%C-1.00603%C2+.003115*%C3—-,091487*%C4)/SQT

CMA=(-.02827%C+.,28044%C 2-.01866%C3+.04048%C4)/SQT

GO TO . 240

IF(APFIJ-3.0020) 1S7,199,199

CLIFT=—(.4704+.10313*%APHIJ)/SOT

ASLOP=-,.10313/SQ7

CMOME=—-(.4786+.02578*%APHIJ}/SQT

CMA=-,02578/5SQT

G0 TOo 210

IF(APHIJ-3.1415926) 200,200,260

CLIFT=(-17.550+5.5864*APHIJ) /SQT

ASLOP=5.5864/59QT

CMOME={-12.5109+3.9824%APHIJ}/SQT

CMA=3,9824/5QT

C= COS{APHIJ)

C2= COS{(2.*APHIJ)

C3= COS{3.*APHIJ)

C4= COS{4.*APHIJ)

CDRAG={1.1233-.029894%*C —-1.00603%C2
+.003115%C3 —-.091487*C4 )/5QT

S= SIN(APHIJ}

S$2= SIN(2.*APHIJ)

S3= SIN(3.*APHIJ)

S4= SIN(4.,*APHIJ)

CDA={.029894%S +2.01206%S2 -+ 009345%53
+.36595% 54 1/5QT7

IF(NEG) 255,255,260

CLIFT=—-CLIFT

CMOME=-CMOME

APHIJ=—APHIJ

64




CDA=-CDA
260 CONTINUE

c

300 CONTINUE
RETURN
END
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anon

199

COMPLEX TyTSsCsCMPLX,TSRET+DET+XLOGyA,ByDUM,ZERQ,STLAMLEIGENC
DIMENSION A(3,3+12),B{3,3,12)
DIMENSION DUM(216),EVALUE(41)

DIMENSION NTIT(20)

DIMENSION T(41441)+7S{41,41),C(41),TSRET(41,41)
EQUIVALENCE (A(1ls1,1),DUM(1)},(B(1y1,1),DUM{109))

COMMON DUM,EIGENC.N,NP
IROW(NyNR)=3%N+NR
ICOL (NyNC)=3%N+NC

READ PROGRAM CONTROL CONSTANTS

READ (5,9991) NTIT
WRITE (649992) NTIY
READ{5+2) NsNS,NQ,NLANB

PROGRAM CONSTANTS

ZERO=CMPLX (04 s0.)
ONE = CMPLX(14,0.)
DO 199 I=1,216
DUM( 1)=ZERO
NP=2%N+1

NAUSEC = 3#%{2%N+1)
NAUSER = 3#(2%N+1)
NBUSEC=NAUSEC-1
NBUSER=NAUSER-1

NADIC = 41
NADIR = 41
NBDIC = 41
NBDOIR = 41
THREEN=3%N

KTH=ICOL(N,NQ)
LTH=TIRAW{N,NS)
LTHM1=LTH-1
LTHP1=LTH+1

INPUT PRCGRAM VARIABLES

READ (549871) (({A(I4J4K)9BUIyJeK)eK=19NP),J=1,3),1=1,3)

NRITE(619874) (((I,J,K,A(I,J,K, QB(IinK)9K=1 7NP) 1J=113)'I=113)

ITERATE ON THE NUMBER OF ROQTS,

DO 1000 1ZZ=1,NLAMB
EVALUE(IZZ)=ZERD

READ (5,9877) EIGENC
WRITE (6,9882) EIGENC

DEFINE A NEW T ARRAY AND C VECTOR
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50
51

53
54
55
5¢€

(aNeXel

OO0

OO0

10
12

14
16

1000

CALL MAKET (T}

WRITE (6,9886) ({(T(M,11),II=1,NAUSEC)sM=1yNAUSER)
FORMAT (/'0T MATRIX'/{'0',2E16.7+5X92E16.795X+2E16.7))

WRITE (6+9881) LTH

CALL REMV (T,TSsLTH,KTH,NAUSEC,NAUSERy,NADIC,NADIRsNBDIC,NBDIR)

IF (LTH.EQ.1) GO TO 12

DO 10 II =1,LTHM
ClIT)=-T(II,KTH)

IF (LTH.EQ.NAUSER) GO TO 16

DA 14 II=LTHP1l,NAUSER

M=TI-1

C(M)=-T(II,KTH)

WRITE (6,9875) (C(¥),M=1,NBUSER)

SGLVE THE- RESULTING EQUATIONS FGOR EPS

CALL CMAT(TS,NBUSER,C,DET)

WRITE (6,9875) (C{M},M=1,NBUSER}
WORK1=REAL (DET)

WORK2=AIMAG(DET)

IF (HORK1¢EQeOooANDJHORK2.EL.O.) WRITE (649876}

CONTINUE
sTae

FORMAT(812,2E14.7)

FORMAT (4F14.7)

FORMAT (2E14.7)

FORMAT (1H1/(1HO,15,2E16.71)
FORMAT (*'0',315,4€16.7)
FORMAT (*1*'/('0'42E16.7))

FORMAT ('0','VALUE OF DET IS ZERO'})

FORMAT (2E13.7)
FORMAT {/*OEXTRACTED ROW *,13)

FORMAT (/'OTHE STARTING EIGENVALUE IS

FORMAT (20A4)

FORMAT ('1°*,20X4+20A4)
END

SUBRCUTINE MAKET (T)

COMPLEX Ay4BsCsCLAM,CMPLX,CONJG,T+CZoCY
DIMENSION T(41,41),A(3,3,12)+8(343,12)

COMMON A,B,CLAM,N,NP
CLAM IS THE EIGENVALUE

NADD1=N+1
C=CMPLX(0.+2.)

DO 20 M=1,NP
C2=M-NADD1
CY=CLAM+C*CMPLX(C2,0.)
IM=(N-11%3 +1
IMAD2=IM+3 -1

DO 20 K=1,NP
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25

27
30

32
34

35

38
20

Cl1=K~NADD1
CZ=CLAMSC*¥CMPLX(C1,0,.}
IK={K~1)%3 +1

IKAQ2=IK+3 -1
IFIK~M}25,30,35 .
LZ=M~-K+]1

00 27 11 = IM,IMAD2
IMM=NMOD(TII,3 )}
IF{IMM.EQ.D ) IMM=3

DO 27 J44= 1K,IKAD2
IKK=MOD(JJdy3 )

IF{IKK.EQ. D) IKK=3 )
T(‘I'JJ,=CZ*A‘I"HDIKKQLZ)*B(IHM,IKKvLZ’
GQ 10 20 )

DO 32 I=IM,IMAD2
IMM=MOD{I,3 )

IF(IMM, EQ.O) IMM=3

D0 32 J=1K,IKAD2
IKK=MOD(J,3 1}
IF{IKKLEQ. D) IKK=3

T JYV=CYRXA(IMMLTIKK, 1Y +B(IMM,IKK,1)
00 34 NZI=IM,IMAD2
TINZyNZY=TINZ NZ)+CY*CY
GQ TO 20

LS=K-M+1

DO 38 IX=IM,IMAD2
IMM=MOD(IX,s3 |}
IF(IMM.EQ.D) IMM=3

DD 38 JIX=IK.IKADZ
IKK=MOD(JX,3 }
IF{IKK.EQeD) IKK=3

TUIXpIX)=C2#CONSGIALIMMIKK LS ) Y +CONJIG (BCIMM, IKK,LS))

CONTINUE
RETURN
END

SUBROUTINE REMV (AsByTsJsNAUSEC,NAUSER,NADIC,NADIR,NBDIC,NBDIR)
COMPLEX*8B A{NADIR,NADIC),B(NBDIR,NBOIC)

11=0

DO 2 T1=1,NAUSER
IFI11.EQ.I}Y GO TO 2
11=11+1

J1i=0

DO 1 JJ=1,NAUSEC

IF (JJ.EQ.J) GC TO 1
Jl=J1+1

BlIl J1)=AL1T,34)

CONTINUE

CONTINUE

RETURN

END

SUBROUTINE CMAT{A,N,Y,DET)
CMAT SUBSROUTINE FILE NUMBER 310.4.505

oo OOn0Aan

UNIVERSITY CF RCCHESTER COMPUTING CENTER

A BECOMES AINVERSE, YOFAX=Y BECOMES X, DET IS DET A

MATEQ SOLVES AX=Y FOR X, COMPUTES A INVERSE, AND CALCULATES THE
DETERMINANT USING A VARIATION OF GAUSSIAN ELIMINATION,.

P J EBERLEINy REVISED B8Y € TEAGUE FOR /360

USER SHOULD CHECK DEY IMMEUDIATELY FOR SINGULARITY

KEYPUNCH IS 029

CMAT COMPLEX*S8 VERSICN OF MATEQ /360 FILE NO. 310.,4.500

A = COMPLEX*8, MATRIX TO BE INVERTED

N = INTEGER*4, ACTUAL SIZE OF MATRIX A

1



c ¥ = COMPLEX*8, VECTCR TO SOLV AX=Y’

C DET = COMPLEX*8, VARIABLE FOR DETERMINANT OF A
133 IMPLICIT .COMPLEX (A-H,0-2)
134 REAL*4 CABS
135 ' DIMENSION A(41,+41),Y(41)
136 CIMENSION ICHG(41)
137 DET=1.0
138 DO 118 K=1,N
139 AMX = A{K,K)
140 IMX=K
141 DO 100 I=K,N
142 IF{CABSUA(I,K)).LE.CABS{AMX)) GO TO 100
143 AMX = A(I+K)
144 IMX=1
145 100 CONTINUE
146 IF(CABS{AMX) .GT.0.1E-70) GO TO 102
147 DET=0.0
148 GO TC 124
149 102 IF (IMX.EQ.K) GO TO 106
150 DO 104 J=1,N
151 TEMP=A(K,J)}
152 A(Ky J)=ALIMX,J)
153 104 A{IMX,J)=TEMP
154 ICHG(K)=TMX
155 TEMP=Y (K}
156 Y{K)= Y{IMX)
157 Y{IMX)= TEMP
158 DET=-DET
159 GO TC 108
160 106 ICHG(K)=K
161 108 DET=DET*A(K,K)
162 AlKyK)=1.0/A(K,K)}
163 00 110 J=1.N
164 IF {(J.NE.K) A{K+J)I=SA(K,J)*A(K,K)
165 110 CONTINUE
166 Y(K} = Y(K)*A{K,K)
167 00 114 I=1,4N
168 DO 112 J=1,N
169 IF. {T.EQ.K) GO TO 114
170 IF (KeNEeJ) AlI¢J)=A(I,J)-A{T,K)*A{K,J)
171 112 CONTINUE
172 YUI) = YOI)-A(TI,K)%Y(K)
173 114 CONTINUE
174 D0 116 I=1,4N
175 IF (JoNE.K) A(IoK)=—A(I,K)*A{K,K)
176 116 CONTINUE
177 118 CONTINUE
178 DO 122 K=1,N
179 L=N+1-K
180 KI=ICHG(L)
181 IF {L.EQ.KI) GO TO 122
182 DO 120 I=1,N
183 TEMP = A(I,L)
184 AlI,L) = A(I,KI)
185 120 A(I,KI) = TEMP
186 122 CONTINUE
187 124 RETURN
188 END

72



|
R RE e ]

g ne

PR — 20

REFERENCES

Crimi, P.: A Method for Analyzing The Aercelastic Stability
of a Helicopter Rotor in Forward Flight. NASA CR-1332,
August 1969. : o

Whittaker, E.T., and Watson, G.N.: Modern Analysis, Cambridge
University Press, New York, 1962. o
Gates, C. A. and DuWaldt, F.A.: Experimental and Theoretical
Investigation of the Flutter Characteristics of a Model
Helicopter Rotor Blade in Forward Flight. ASD TR 61-712,
February 1962. '

Sadler, S. G.: Rotating Blade Natural Frequency and Mode
Shape Program for Coupled and Uncoupled Modes. Rochester
Applied Science Assoc., Inc., RASA Report 69-3, April 1969.
DuWaldt, F.A.; Gates, C.A.; and Piziali, R.A.: Investigation
of Helicopter Rotor Blade Flutter and Flapwise Bending
Response in Hovering. WADC TR 59-403, August 1959.

NASA-Langley, 1970 — 32 CR-1577 T3



